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INTRODUCTION 

Since the studies of Warburg and asso- 
ciates (2, 3), carried out during the years 
1923-30, much information has accumu- 
lated leading to the formulation of a fairly 
well defined concept of tumor metabolism 
(cf. Dickens (4) and Burk (5, 6)). War- 
burg found that in general tumors were 
growing tissues with a comparatively low 
oxygen consumption that glycolyzed (pro- 
duced lactic acid from glucose) under 
aerobic as well as anaerobic conditions. 
Subsequent work by Dickens and collab- 
orators (7—73) and others has shown that 
this metabolism is further characterized by 
a respiratory quotient that is in general 
definitely below unity (0.75-0.90, +), 
differing thereby from the metabolism of 
most of the other growing tissues, which, 
though they may also glycolyze, seldom 
possess a respiratory quotient markedly 
below unity. 

The metabolism of chicken neoplasms 
has been studied very little, the leukoses 
not at all, and of the many tumors de- 
scribed only chicken tumor 1 of Rous, 
chicken tumor 9 of Murphy and Land- 
steiner (/4), and the Mill-Hill fowl fibro- 
sarcoma 1 of Begg (7/5). These were re- 
ported upon briefly and intermittently 
from 1925 to 1933, tumor 1 by Warburg 
(2, p. 197), Murphy and Hawkins (76), 
Crabtree (7/7), Dickens and Simer (7, 8), 
and Dickens and Greville (70); tumor 9 
by Murphy and Hawkins (/6); and the 
Mill-Hill fowl fibrosarcoma 1 by Dickens 
and Greville (70, 73). The series of new 
chicken tumors and leukoses described and 
made available by Furth and coworkers 
(78-25) during the past few years, and the 
new developments and refinements of 
manometric and chemical techniques in- 
troduced during the past 2 years by Sum- 
merson (26) and Barker and Summerson 
(27) have made the present studies possible, 
desirable, and timely. 
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Collateral histologic studies have been 
carried out which have enabled certain 
provisional correlations to be made _ be- 
tween the metabolism and the microscopic 
appearance of the tumor tissues. This has 
provided for some understanding of the 
variability between different kinds of 
chicken tumors and between individual 
samples of a given strain of tumor, and has 
given rise to suggestions for more detailed 
studies of a similar nature of applicability 
to tumor metabolism investigations gen- 
erally. 

In general, the results obtained with the 
chicken tumors support and amplify the 
concept of tumor metabolism described 
above. The studies on the leukoses will be 
reported in a forthcoming paper. 


METHODS 


Each experiment was set up to determine 
for a given sample of tissue the following 
manometric values: aerobic acid produc- 
tion (Q®,), respiratory carbon dioxide 
production (Q¢o,), oxygen consumption 
(Qo,), and respiratory quotient (R. Q.= 
Qco,/Qo,), for a 2-hour experimental 
period; and anaerobic acid production 
(Q*%2,), ordinarily for 4 hours by hourly 
periods; and the chemical values, aerobic 
and anaerobic lactic acid production 
(Q%,,) and (Q*™,,). All Q values reported 
are in terms of cubic millimeters/milli- 
gram initial dry weight/hour in which 1 
mm.*=1/22400000 mol. The aerobic 
manometric determinations were carried 
out with the recently developed Summer- 
son constant-volume differential manom- 
eter (26), and the anaerobic determina- 
tions with the ordinary simple constant- 
volume Warburg manometer. The ves- 
sels used with the Summerson manometer 
were single sidearm Dixon-Keilin vessels 
of about 18-cc. capacity, with the KOH 
wells located in the stopcock operated 
underneath. Vessels with two sidearms 
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were ordinarily used on the Warburg 
manometers, one sidearm containing 0.3 
ce. of 2.5 N HCl and the other 0.3 cc. 
of brom thymol blue indicator. For each 
type of determination duplicate measure- 
ments were generally made, and in many 
instances triplicate. In a_ representative 
number of experiments, the lactic acid 
contents of the manometer vessels were 
analyzed quantitatively by the chemical 
method developed by Barker and Summer- 
son (27) from the original method of Miller 
and Muntz (28). Chemically analyzed 
lactic acid values (Q;,) for the experi- 


mental period were thus made available 
for comparison with the  correspond- 
ing manometric total acid values (Q,). 
All experiments were carried out in a water 
bath at 37°-39°, usually 38° C. 


EXPERIMENTAL PROCEDURE 


A detailed example of the manometric 
and chemical procedure is indicated in the 
protocol, which will serve as a guide for 
experiments to be reported not only in the 
present paper but also in similar papers 
to follow dealing with various aspects of 
tumor metabolism. 


Typical protocol of standard metabolism experiment } 
AEROBIC DATA 


Manometric data: 


| 32 1 
Volume of medium—cubic centimeters _| 3. 00 3. 
Volume of 2.5 N HCI (in sidearm) _. | 
cubic centimeters__| . 30 
Oz vessel constant, ko, | 1.30 1. 
CO: vessel constant, kco, | 1.48] 
milligrams | 0 152 
Dry weight (14.0 pet.) _.__milligrams__| 0 | 21.3 
Seale readings (with T. B. till t=120): 
t=—15 minutes. 150 150 
t=0 (acid tipped, vessels 1) 158 | 191 
t=5 minutes- 159 re 
t=10 minutes___- 160 a, 
t=15 minutes_-__- | 162 
t=30 165 | (213) 
t=45 minutes___- | 166 |--- 
t=60 minutes. 166 
t=120 (acid tipped, vessels 2) 168 (213) 
t=150 (readings differential) 308 
t=180 (readings differential, KOH 
then added, vessels 1, 2)... ___- 307 
t=240 (readings differential) __- 336 
t=300 (readings differential) ; 334 
h reading, millimeters, ho,+hco,+ha 
h, reading, millimeters, ho,+hco, --- 
ha reading, millimeters, ho, 
—hi)kcoy, cubic milimeters 
produced 
Xco,=(hi—h2)kco,, cubie millimeters 
produced 
Xo,=—(h2)ko,, cubic millimeters con- 
sumed 
/milligrams dry weight/_ 
hour cubic millimeters 
Qco,= dry weight/_) 
hou cubic millimeters. | 
Qo,= Xo,/iilligrams dry weight/hour_| 
cubic millimeters__| 
R. Q.=Qco/Qo, - 
Chemical data § (lactic acid) S2 
Colorimetric readings. 97 216] 128 
‘ 99 | 221 | 123 
Average colorimetric 
reading - ~R=(Rit+R2)/2 218 | 125 
R—B (F=40, B=18). “4 | 107 
T, total LA, ‘cubic millimete rs/vessel_ 220 
net LA, cubic millimeters/vessel - 
Q°2, ,=N/milligrams dry weight/hour, 
cubic millimeters... ............-...- oo 


D 
3.00) 3.00 | 3.00) 3.00) 3.00) 3.00) 3.00 
| | 
129) 1.22) 1.22) 119] 1.19 114] 1.14 
1.47) 1.40) 1.40) 1.37) 1.37) 1.32 | 1.32 
| 153 | 154 53 152 | 153 
2.1 | 2.4 | 2.6 | 2.4 | 213 | | 214 
| 
10) 150 150 | 150 150 | | 
188 188 | 189 189 184 | «191 
198 | 201 194 | | 202 
208 211 202 211 
217 211 | | 222 
-|(217) «|: (216) 239 (215) | 252 
268 278 263 276 
239 | 304 284 301 
369° (217) | 386 | 364 (215) | B84 
| | 
275 | 325 | 7 | 318 | 325 
175 | 341) 178) 179s | 360 
175 337 «| 337, 178s} 
| | 187 | 170 | 183 
-29 | | -39 | -32 | -37 
-156 [ies | -155 | -173 
| 
| 
316 | 277 | 
187 | 178 | 168 | 179 
7.0 | 7.3 | 6.5 | 68 
| | 
4.4 | 41 | 38 | 42 
| | } | 
4.8 4.7 | | 4.3 | | 46 
87 | | 88 91 
256 | 262 114 226 «15 | 232 
244 | 262 118 220 128 226 
250 116 | 223 119 229 
232 #|212 | 244 | %|205 | 
478 lost | 503 | 203 | 229 449 
| 
6.1 | 52 | | 5.2 


See footnotes at end of protocol. 
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Manometric data: 


Manometer No. 3 4 6 
Jessel No. 33 34 30 
Volume of medium _cubie centimeters 2.0 2.0 2.0 
Volume of 2.5 N HC1 (sidearm) cubic centimeters 3 .3 | 3 
Volume of brom thymol blue (second sidearm) _ .___cubie centimeters $ 3 3 
CO: vessel constant, - -- -- 1.39 1.34 1.33 

Wet weight milligrams 43 43 44 
Dry weight (14.0 pet.) milligrams 6.0 6.0 6.2 
h, net pressure change (corrected for T. B.), per given time interval, one 
to next—millimeters—t = 0 (brom thymol blue tipped, pH read, acid 
tipped): 
t=15 minutes pH, 7.2 2» 19 22 
=30 minutes 19 19 19 
t=45 minutes 17 16 16 
t=60 (0-60 minutes in parentheses) 19 (75) 16 (70) 16 (73) 
t=120 minutes 65 | 62 
t=180 minutes 55 52 | 55 
t=240 (0-240 minutes, in parentheses; brom thymol blue tipped, pH 
read, acid tipped) 48 (244) 48 (282) | 44 (234) 
pH 6.8 6. 8 6.8 
X™2, =hkco, cubie millimeters acid produced per hour: 
First hour 104 93 97 
Second hour 83 
Third hour 70 
Fourth hour 67 | 59 
Total 338 310 3il 
QN:,.= xX My, milligrams dry weight /hour, cubie millimeters: 
First hour 17.4 15.5 7 
Second hour 15.1 13.9 13.3 
Third hour 12.8 11.6 11. 
Fourth hour 1.1 10.7 9.4 
Average 14.1 12.4 12.6 
Chemical data (lactic acid): 
Colorimetric readings: | 
Ry 103 317 276 288 
Re 100 322 288 300 
Average, R=(Ri + R2)/2 101 319 282 204 
(F=40, B=18) 208 204 276 
T, total LA, cubic millimeters/vessel 134 474 428 447 
N, net LA, cubic millimeters/vessel 340 204 313 
QN2, , = N/milligrams dry weight/hour cubie millimeters 14.2 12.2 | 12.7 
1 See table 1, methylcholanthrene-induced tumor 16, No. 9793, June 3, 1940; 37.5°; Ringer-bicarbonate-glucose medium; 


percent dry we iat (initial) =14.0 mg. dry weight/100 mg. wet weight of aliquot tissue, or 14.0 percent. Vessels with tissue 
were placed on bath 444 hours after anime al was killed; equilibrated, and read for preliminary 15-minute period (in three here 
unrecorded 5-minute intervals, in fact). Immediately after readings taken at /=0, aerobic manometer stopcocks were turned to 
position 2 (shutting off No. 1 vessels from external atmospheric pressure), and acid was tipped into control vessels to kill tissue: 

aerobic, No. 1 vessels; anaerobic, vessel 35. Experimental periods were terminated by tipping of acid: aerobic, 2 hours, No. 2 
vessels; anaerobic, 4 hours, vessels 33, 34, and 36. Acid tipping is indicated by underscoring, as is also alkali admission i in aerobic 
No. | and 2 vessels. Aerobic No. 2 vessels readings in between t=0 and final ¢=120 minutes were not strictly necessary but 
were taken as incidental time course observations to note constancy of readings, or otherwise; actual pressure changes per given 
time interval and corrected for T. B. are not reported. Aerobie ve “ssel No. | readings were not strictly necessary but were taken 
to observe, in arms closed against atmospheric pressure, manometer fluid rises, which should be approximately constant in all 
vessels with a given initial bicarbonate addition. 

Thermobarometer, simply Warburg manometer containing medium but no tissue, otherwise set up and equilibrated iden- 
tic ally with other manometers. 

Kegas ~{(V eae 273/T° + Viiquid @)] /Po square millimeters, where Vegas and Viiquia are cubic millimeters of gas phase and of 
tots liquid phase, respective ‘ly; P. is (for Brodie’s solution confining fluid) 10,000 mm.; and @ is the Bunsen absorp- 
tion coefficient (volume of gas concerned reduced to 273° A. and 760 mm. Hg absorbed by 1 volume of medium when partial 
pressure of gas is 760 mm.); kga» as defined is independent of external pressure. 

‘In converting millimeters hy,. to cubic millimeters Xgas, Xco,= +(h; — hz) kco, cubic millimeters of carbon dioxide are 
produced, but Xo,= — hoko, oxygen consumed, ete., where (hy — hz) and he are the respective partial pressure changes caused by 

ases concerned, in millimeters of confining fluid. For gases which disappear, with decrease in pressure (hgas negative in 
value), it is usually best to consider the corresponding cubic millimeters of gas as consumed (rather than produced), so that a 
ne gative sign is applied to the expression Agaskgs.; one thus has a positive consumption, rather than a negative production. 

51 em.’ of liquid removed from vessel at end of experiment, diluted 1:10 with H2O, 1 em. of this diluted 1:10 further (D= 
total dilution = 100) during deproteinization (by copper-lime treatment) and clarification; 1 cm.’ of this analyzed by method of 
Barker and Summerson (27) against standards S; and S2 containing 2y and 5y lactic acid (prepared from dried zine, lithium, or 
calcium lactate). 7’, total lactic acid, as mm.’ vessel, is B) DViia/ CFV aliquot, Where is the average colorimetric reading 
of the unknown, D is the dilution factor, C is the conversion factor for 7 to mm. lactic acid (=4), Viiq is the total liquid volume 
containing the lactic acid (after any mixing of medium, HCl, ete.), Vatiquot is the aliquot of Viiq taken, F= (Rs, — Rs,)/(5 — 2) = 
colorimetric reading per y lactic acid, and B=(Rs, — 5F) [should=(Rs, — 2F)]=blank reading due to reagents. 
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SLICING 


Tumor tissue from a freshly killed animal 
was kept moist with Ringer’s solution, 
and thin free-hand slices, obtained with a 
single-edged safety razor blade or a Terry 
slicer (29), were stored in a shallow, un- 
aerated reservoir of sugar-bicarbonate-free 
Ringer’s solution at room temperature or 
lower. Upon eventual removal of the 
slices from the reservoir, adhering liquid 
was eliminated by gentle blotting and the 
tissue wet weight obtained by weighing on 
a torsion balance as rapidly as convenient 
the desired amount to be placed in each 
vessel (aerobic usually 100 to 200 mg., and 
anaerobic 30 to 75 mg.). Caution was 
taken to prevent displacement or spattering 
of any medium or wetting of the forceps 
while putting the tissue into the vessels. 
To obtain initial dry weights, aliquot 
portions of the moist tissue were weighed 
out at the same time and dried at 85° to 
95° C. to constant weight. 


PREPARATION AND PIPETTING OF MEDIUM 


The Ringer-bicarbonate-glucose medium 
employed in the manometer vessels was 
freshly prepared by maixing 100 cc. of a 
stock solution of Warburg-Okamoto Ring- 
er’s solution (1,000 parts 0.9 percent NaCl, 
20 parts 1.15 percent KCl, 20 parts 1.22 
percent CaCl,), 20 cc. 0.15 M NaHCOs, 
and 2.4 cc. 10 percent glucose solution. 
This medium was equilibrated for 15 to 
45 minutes with 5 percent CO,—95 
percent Oy, (or for anaerobic experiments 
sometimes 5 percent CO,—95 percent N» 
was employed). Extreme care was taken 
in pipetting equal amounts of the equili- 
brated clear medium into any given pair 
of differential aerobic vessels (e. g., 1.00, 
2.00, or 3.00 cc.), since the accuracy of the 
Summerson differential method is mark- 
edly affected by a difference of even a 
fraction of a drop of medium between the 


control and the experimental vessel (maxi- 
mum tolerance, 1/100 cc. =ca. 4 mm.’). 
Although an Ostwald pipette with ground 
tip to hold a hypodermic needle was 
highly satisfactory in pipetting the medium 
into the aerobic vessels, it was found more 
convenient generally to use an ordinary 
drain pipette which was finally touched to 
the inserted liquid so that capillarity 
would act to retain an exactly or sufficient- 
ly equal amount of liquid in the pipette 
after each aerobic vessel discharge. Before 
each discharge the tip of the pipette was 
wiped with a cellulose tissue paper to 
remove externally adhering medium. No 
such care was needed with the anaerobic 
vessels, in which the tolerance was many- 
fold greater. 

To hasten the eventual absorption of 
CO, by alkali, for the final h, reading a 
small roll of Whatman (e. g., No. 40) 
starch-free filter paper, made from a 
piece about 1 inch square, was inserted 
in the center well of the aerobic vessels, 
thereby increasing the absorbing surface 
upon admission of the 10 percent KOH 
from the well by turning the stopcock 
underneath. The vessels were tightly 
fitted onto their respective manometers 
by turning them back and forth with 
gentle pressure until they stuck, that is, 
no longer turned. 


EQUILIBRATION 
Aerobic Vessels 


A given series of aerobic vessels were 
equilibrated together, with a manifold 
and on the bath, in view of the close 
duplication of paired vessels required. 
With manometer T-cock in position 1 
(both inner arms open to atmospheric 
pressure) and sidearm vents open, 5 per- 
cent CO,—95 percent O, was_ passed 
through the manometers for 10-15 min- 
utes, with a pressure head of about 100- 
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mm. Brodie solution, care being taken in 
any event to keep equal pressure heads 
(within 5 mm.) in any pair of differential 
vessels. During this interval the manom- 
eters were shaken, but the shaking was 
stopped at the end of the 15-minute period, 
the gas turned off at the tank, and the 
vessel vents were closed simultaneously in 
any given differential pair. With the 
T-cock still in position 1, the manometer 
fluids were adjusted to approximately the 
calibrated constant-volume mark on the 
outer limbs. After equilibration to at- 
by further shaking 
for 1 to 2 minutes, the manometer fluids 
were brought exactly to the calibration 
mark and the vessels were shut off from 
the air by closing left and right stopcocks 
simultaneously. The first reading was 
then taken on the inner limbs, the outer 
limbs being set at the constant-volume 
calibration mark, and the manifold was 
removed at convenience. The tissues in 
both the No. 1 and No. 2 vessels were 
allowed to metabolize for an optional 


mospheric pressure 


preliminary observational period of 0 to 
15 minutes before the start of the read- 
ings for the actual experimental period. 
The thermobarometer (T. B.) was read 
together with the experimental vessels. 

At the termination of this preliminary 
interval the ‘=0 readings were taken, all 
inner manometer arms were locked against 
atmospheric pressure by setting the T- 
cock in (diagonal) position 4, the manom- 
eters were removed from the bath, and 
the acid was tipped into the No. 1 control 
vessels. The manometers were put back 
into the bath immediately, and the T- 
cocks were turned to position 2 (control 
vessel inner arms shut off from, and ex- 
perimental vessel inner arms open to, at- 
mospheric pressure). Time-course obser- 
vations of the total metabolism pressure 
changes caused by the tissues in the No. 2 
vessels were followed for 2 hours at (op- 
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tionally) 15-minute intervals, the readings 
being corrected for thermobarometric 
changes. The total reading of the experi- 
mental period is the A reading, a compos- 
ite figure that is the result of aerobic gly- 
colysis, carbon dioxide production, and 
oxygen consumption. The Dickens-Grev- 
ille, rather than the Dixon-Keilin method 
of obtaining A readings was followed, al- 
though either method could be employed, 
even simultaneously (cf. Summerson (26)). 

At the termination of the experimental 
period, the procedure followed for the 
tipping of the acid in the No. 1 vessels was 
followed for the No. 2 vessels, the T-cock 
being left, however, at position 4 for a few 
minutes and then turned, not to position 2, 
but to position 3 (differential, pressure in 
vessel 1 opposing that in vessel 2). 

The /, reading represents the sum of the 
pressure changes due to oxygen consump- 
tion and carbon dioxide production. 
When constancy of differential readings 
was attained (approximately 20 to 40 
minutes), the A; readings were calculated 
for the differential pressure change be- 
tween the readings at the beginning of the 
experimental period (t=0) and the final 
equilibrated differential readings. The 
fg reading represents the oxygen con- 
sumption alone and was obtained from 
the final differential reading (calculated 
to ¢=0) after admission from the bottom 
vessel stopcock of the alkali to absorb the 
CO,. Following completion of the /, 
reading, the vessel stopcocks were opened 
to the atmosphere simultaneously, the 
T-cocks opened to position 1, the manom- 
eters removed from the bath, and aliquot 
portions (generally 1 cc.) of the medium 
removed at convenience for lactic acid or 
other chemica! analysis. 


Anaerobic Vessels 


The anaerobic series were generally 
equilibrated off the bath at room tem- 
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perature for 15 to 30 minutes by passing 
5 percent CO,—95 percent N; through a 
heated tube of reduced copper oxide 
particles or copper mesh (to remove any 
traces of O,) and thence to a series of 
manometers and vessels by means of a 
manifold. A pressure head of about 100 
mm. was maintained during equilibration, 
and all vents were checked for the free 
passage of gas to insure complete displace- 
ment of air and saturation with CO,/No. 
At the conclusion of the equilibration 
period the vessel vents and manometer 
T-cocks were closed, and the manometers 
were placed on the bath and_ shaken. 
Acid was tipped into the lactic acid con- 
trol vessels at /=0 to kill the tissue. Before 
this was done, however, the brom thymol 
blue was first tipped into the medium and 
the pH observed colorimetrically with 
standards. Readings were taken on the 
experimental vessels every 15 minutes for 
the first hour, and thereafter half hourly 
for generally 3 additional hours. At the 
conclusion of the experimental period, 
brom thymol blue and acid were tipped 
into all remaining vessels, the manometers 
with T-cocks opened were removed from 
the bath, and aliquot samples (ordinarily 
1 cc.) for lactic acid determinations were 
removed at convenience (up to 24 hours). 


TUMOR MATERIAL 


The following transmissible fowl tumors, 
all sarcomas, were employed in this in- 
vestigation: chicken tumors 11 (27), 12 
(23), 13 (22), and 16 (Furth and Kabat, 
unpublished data), obtained from and 
originating with the Department of Path- 
ology, Cornell University Medical Col- 
lege; and chicken tumors 10 of Murphy 
and Claude (yet to be described), and 
1 of Rous (30) (Nos. 2549-2553), obtained 
from and originating with the Rockefeller 
Institute for Medical Research. Tumor 1, 
Nos. 10284, 10285, 10287, and 20288, 


was cultured in the Department of Path- 
ology from a stock culture obtained from 
Dr. David Shemin, College of Physicians 
and Surgeons. Tumor 1, Nos. O, P, Q, 
and R, grown on the chorioallantoic mem- 
brane of chick embryos, was also studied. 
Material for metabolic study was ob- 
tained by serial passage of the tumor in 
the breast and leg muscles of healthy 
chicks (2 days to 1 month old at the time 
of inoculation). In the case of tumor 12, 
the tumor particles were injected into the 
sternum and the wing. Tumors were ex- 
cised about 3 to 5 weeks after injection. 
The tumors were carefully dissected and 
freed from macroscopically observable 
muscle for the metabolism studies, and 
representative aliquot sections were fixed 
with Bouin’s solution, cut, and stained 
with haematoxylin and eosin. Ordinarily 
it was not feasible to use the identical 
tissue slices metabolized for sectioning and 
staining, since the metabolized slices would 
usually have been acidified to about pH 1 
during the determinations. In spite of 
careful dissection, the microscopic sec- 
tions often showed conspicuous amounts 
of muscle, and areas of degeneration, ne- 
crosis, and leukocytic infiltration, as will 
be discussed more fully later. We feel 
satisfied, nevertheless, that the material 
sectioned was adequately representative 
of the slices metabolized, as regards 
aliquots and from a statistical viewpoint. 


RESULTS 


Before considering the metabolism re- 
sults in detail, brief characterizations will 
be given of the tumor materials actually 
employed, as observed in the histologic 
examinations. The latter, from the stand- 
point of the metabolic studies, were in- 
tended to answer questions that are ordi- 
narily given little consideration in the 
course of routine macroscopic examina- 
tions. Since the metabolic values are ex- 
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pressed in terms of unit weight of tissue, 
it is of much importance to know roughly 
what proportion of the material metabo- 
lized is composed of living malignant cells 
and what is the remaining material that 
will be referred to in this paper as im- 
purity. The designation of cells as living 
or viable on the basis of their appearance 
in fixed and stained preparations is obvi- 
ously arbitrary. Tumor cells with well- 
preserved nuclear structure are conven- 
tionally regarded as viable, whereas those 
with pyknotic or fragmented nuclei are 
considered nonviable or dead. It is note- 
worthy, however, that changes in nuclear 
structure may not set in until several hours 
after death. 

The impurities here considered are of 
two kinds: (1) Intercellular and histologi- 
cally dead tissue; and (2) metabolically 
active impurities as follows: (a) living, 
nonmalignant cells that like stroma and 
blood vessels are integral parts of the 
growth, (b) invaded host tissue, most fre- 
quently muscle, and (c) leukocytes of 
different sorts which have invaded the 
tumor. From the standpoint of histolo- 
gists, the stroma cells are an integral part 
of the growth; but from the standpoint 
of metabolism, they are more conveniently 
classified among the impurities because 
the aim is in part to characterize the tumor 
cells per se and the presence of variable, 
often large of nonmalignant 
stroma cells may, if not considered sepa- 
rately, obscure the metabolic characteri- 
zation attempted. It is possible, of course, 
that these cells, as well as invading leuko- 
cytes, may alter or modify the metabolism 
of the tumor cells themselves, although 
we have obtained little suggestive evidence 
for this. 

The foregoing considerations, which 
arose during the course of the investiga- 
tion, rendered it desirable to present il- 
lustrations of tumors even already known 


numbers 


and well-described, but showing, how- 
ever, mainly the impurities frequently en- 
countered, rather than the pure tumors. 
The various photomicrographs are pro- 
vided to focus the attention of those en- 
gaged in similar studies on the complexity 
of the problem of defining tumor metabo- 
lism when tissue slices of the usual size are 
employed. We have attempted to give, 
with each tumor, one or two illustrations 
of aliquots of the typical tumor tissue 
metabolized, together with examples of 
prominent nontumor cells histologically 
included in the slices even upon most care- 
ful gross dissection. For this purpose, it 
has been deemed preferable to give a com- 
posite of several higher power fields rather 
than a single low-power field, although 
the latter would be desirable too. We do 
not attempt to give an accurate quantita- 
tive representation of the proportions of all 
of the different types of cells found in any 
particular sample metabolized, but in 
the following descriptions we shall en- 
deavor to indicate an average picture for 
each set of tumor materials that should be 
of considerable value in attempting to 
analyze the results of the metabolic studies. 
The estimates will be based not only on 
the present histologic and photomicro- 
graphic studies but also on past experience 
with these chicken tumors, covering a good 
many years of observation and published 
descriptions. 


APPEARANCE OF ‘TUMORS 


METABOLIZED 
Methylcholanthrene-induced Chicken Tumor 16 
of Furth and Kabat 


Methylcholanthrene - induced chicken 
tumor 16 (fig. 1) is derived from a tumor 
induced by intramuscular injection of 
methycholanthrene and transmitted by 
cell grafts to healthy fowls. Numerous 
attempts to demonstrate a filterable agent. 
by using very sensitive tests, have been 
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unsuccessful. The tumor is composed of 
spindle-shaped cells that produce com- 
paratively little or no mucinous or fibrous 
intercellular substance. The cells are 
more closely packed than those of any 
other tumors studied in this investigation. 
There are usually many mitotic figures. 
The tumors employed contained relatively 
small amounts of neighboring host tissue 
or necrotic tumor and were therefore ex- 
ceptionally easy to handle in the metabo- 
lism experiments. The differences in the 
metabolism between different samples of 
this tumor were not great, and the micro- 
scopic examination of the sections could 
seldom be expected to yield information 
concerning the possible cause of these 
differences. 


Chicken Tumor 10 of Murphy and Claude 


Chicken tumor 10 of Murphy and 
Claude (fig. 2) arose about 14 years ago 
at approximately the site of an injection of 
chicken tumor 9 of Murphy and Land- 
steiner (7/4), a transplantable, spindle-cell 
sarcoma that had had its origin in a tumor 
induced by repeated injections of coal tar. 
Tumor 9, as such, is now extinct. It could 
not be transmitted by a cell-free agent, 
and neither has tumor 10 been filterable 
until recent years, at least not without 
removal of natural inhibitor (37). 

Tumor 10 is composed of fibroblastlike 
cells of fairly uniform size and shape and 
Mitotic figures are 
abundant, and the tumor is highly in- 
vasive, although the cells are not con- 
spicuously hyperchromatic. The stroma 
is scarce as a rule, and in many places the 
tumor cells are widely separated by spaces 
containing faintly staining, ‘‘foamy” inter- 
cellular substances (fig. 2, C) presumably 
rich in polysaccharide. The tumor con- 
tains few blood vessels, and it is nearly free 
from necrosis. 

The metabolic values on samples of this 


staining properties. 


Ficure 1.—Chicken tumor 16, a transmitted 
methylcholanthrene - induced sarcoma (No. 
9594). There is a dense growth of spindle- 
shaped cells and several mitotic figures. < 450. 


tumor were again fairly uniform, and the 
average anaerobic glycolysis values were 
in fact the highest for any tumor examined. 
The lowest individual sample (table 1, 
No. 2544; fig. 2, C and D) had areas of 
necrosis with large numbers of monocytes 
and a few lymphocytes and polymorphonu- 
clear leukocytes; the sample with the high- 
est anaerobic metabolism (table 1, No. 
2543; fig. 2, A) showed in most micro- 
scopic fields almost pure tumor tissuc, 
although in many areas there were diffuse 
infiltrations of polymorphonuclear leuko- 
cytes (fig. 2, B). 


Chicken Tumor 11 of Furth 


The malignant cells of chicken tumor 11 
(fig. 3) are spindle-shaped, or polymor- 
phous, or large mononuclear cells, similar 
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Figure 2.—Chicken tumor 10, a sarcoma with the highest average glycolytic metabolism observed. 
A (No. 2543), a relatively pure tumor; B (No. 2543), infiltrations by many polymorphonuclear 
leukocytes; C (No. 2544), intercellular ‘‘foamy” substance, presumably polysaccharide, among well- 
preserved tumor cells; D (No. 2544), degenerated part of tumor with many monocytes and a few 
other leukocytes and with congested blood vessels. « 450. 


Fig- 2 & 5 prints reversed 


to those of chicken tumor 1 of Rous. The 
tumor is slow-growing and tends to be- 
come fibrous and infiltrated with lympho- 
cytes. The texture of the tumor varies 
greatly. In some fields the tumor cells 
are fairly densely packed, in others rather 
loosely. On the whole this tumor is less 
pure than either tumor 10 or tumor 16, 
although metabolically considered it was 
almost identical with the latter, except for 
somewhat greater variability. It was not 
possible to make any consistently close 


correlation between metabolism of indi- 
vidual samples and microscopic appearance 
on a basis of extent of lymphoid infiltration, 
hemorrhage, or necrosis. Figure 3, A 
(No. 10045), shows a characteristic field 
of a relatively pure tumor tissue that 
had about the highest anaerobic glycolysis 
observed with this strain (table 1, tumor 
11). Figure 3, B and C (No. 9967), 
show advanced lymphoid infiltration, 
which was widespread in this tumor 
in which aerobic glycolysis was relatively 
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Ficure 3.—Chicken tumor 11. A (No. 10045), example of relatively pure portion of tumor. > 450; 
B and C (No. 9967), loose growth with several mitotic figures, advanced lymphoid infiltration, 
and remnants of muscle fibers. B, 450; C & 750; D (No. 9950), margin of necrotic area with 
multinucleated giant cells and an area of hemorrhage adjacent to tumor. 450. 
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low. In one tumor (No. 9950, fig. 3, D) 
there were numerous large areas of necro- 
sis of undetermined character surrounded 
by giant cells similar to those of avian 
tubercles. Occasional areas of hemor- 
rhage were seen about these necrotic 
areas. Similar lesions were not seen in 
any of the other tumors studied. 


Chicken Tumor 12 of Furth 


Chicken tumor 12 (fig. 4), a slowly 
growing osteochondrosarcoma, occurs with 
or without accompanying leukosis. The 
malignant cells are osteochondroblasts that 
may proliferate with or without bony or 
cartilaginous matrices. In the present 
series used for metabolizing, neither leu- 
kosis nor bone formation was observed, 
and the material metabolized consisted 
either of almost pure masses of the malig- 
nant osteochondroblasts (fig. 4, A and B) 
or of malignant cartilaginous tissues with 
varying amounts of intercellular substance 
(fig. 4, C and D). As pointed out in 
the original paper describing this growth 
(23), the osteochondrogenic character of 
these large round cells is not evident when 
the cells are present in pure culture (fig. 4, 
Aand B). However, all stages of cartilage 
and bone formation can be seen in various 
preparations, particularly in the more 
slowly growing tumors, indicating the 
potentiality to form bone. The cells are 
larger than any primitive blood cells, 
which they resemble in shape and general 
outline, but are characterized by a clear 
nucleus that seems to contain nothing but 
a large darkly staining nucleolus. The 
recent phosphatase studies of Kabat and 
Furth (32) included numerous tumor 
samples used in the present metabolism 
studies. Neither the usual sarcoma nor 
the leukosis cells contained phosphatase, 
whereas the pure osteochondrosarcoma 
cells reported upon here contained large 
amounts of this enzyme, even in the com- 


plete absence of cartilage or bone. The 
osteochondrogenic character of these large 
round cells thus does not require the 
unfailing appearance of osteoid tissue or 
cartilaginous matrix. 

In general, a fair negative correlation 
could be observed between the extent of 
glycolytic metabolism and the amount 
of cartilage formation. Sample No, 10049 
(fig. 4, C and D) had the least such metab- 
olism and the most cartilage, whereas No. 
9943 (fig. 4, A) had the highest glycolysis 
and almost no cartilage; No. 9947 (fig. 4. 
B, E and F) had intermediate glycolysis 
and a moderate amount of varying im- 
purity (table 1, tumor 12). The low aver- 
age rate of glycolysis of tumor 12 parallels 
the expectation based on the known very 
low rate of metabolism of cartilaginous 
normal tissue (33, 34). 


Chicken Tumor 13 of Stubbs and Furth 


Chicken tumor 13 (fig. 5) is a sar- 
coma that was produced by intramuscular 
injection of a filterable agent which upon 
intravenous injection may also produce 
erythroleukosis. The tumors usually con- 
tained large and variable quantities of 
mucinous intercellular material that has 
been shown to be of a_ polysaccharide 
nature (35). The cells resemble the usual 
spindle-cell sarcoma, and _ occasionally 
contain multinucleated giant cells. On 
the whole, these tumors are relatively im- 
pure, and the largest amount of impurity 
is the intercellular substance rich in 
polysaccharide material. Leukocytic in- 
filtration is very common. Necrosis was 
slight except in No. 9527. The great 
degree of histologic variability and im- 
purity made detailed metabolic correla- 
tion difficult without a very considerable 
amount of sectioning, but there was cor- 
respondingly great variability among me- 
tabolism replicates (table 1, tumor 13). 
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A (No. 9943), the large round cells are oste cdagieiinass pees scattered 
erythrocytes. x 450; B (No. 9947), densely packed malignant osteochondroblasts with almcst no 
other cells. The cells resemble cartilage cells, but intercellular substance is absent. x 700; C (No 
10049), cartilage with degenerating cartilage in the tumor. x 450; D (No. 10049), cartilage cells 
with large amounts of cartilaginous matrix. x 450; & (No. 9947), invasion of muscle by malignant 
osteochondroblasts. x 450; F (No. 9947), malignant osteochondroblasts (large, round cells) with 
spindle-shaped cclls that are probably not malignant, and edematous stroma. x 450 


Ficure 4. —Chicken tumor 12. 
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oh, 


a 
Ficure 5.—Chicken tumor 13.—A (No. 9853), fora tumor — of the strain stl muscle 

tissue. >< 450; B and C (No. 9690), tumor with slight and moderate amounts of mucinous stroma, 

respectively. >< 450; D, (No. 9690) area with degenerated tumor cells and monocytes. 750. 


Fig: 2&5 prints reversed 


EL 


Chicken Tumor 1 of Rous 

Chicken tumor 1 of Rous (fig. 6), the 
first sarcoma transmitted by a filterable 
agent, contained the usual spindle-shaped 
and polymorphous cells, with variable 
amounts of intercellular substance. There 
were often large numbers of monocytes in 
the tumor, whose effects on the observed 
metabolic values cannot as yet be assessed 
since there are no data on their metabo- 
lism. It is noteworthy that sample No. 
10287 (fig. 6, A and C), which exhibited 
the highest glycolysis (table 1, tumor 1 of 
Rous), contained large numbers of mono- 
cytes. 

This tumor was also cultivated, following 
ihe method introduced by Murphy (36), 
on the chorioallantoic membrane of the 
developing chick embryo and was used for 
metabolic studies 5 days after inoculation 
of 0.1 ce. fresh tumor pulp into 12-day 
incubated chicken eggs. The embryo- 
cultured tumors were of two major gross 
types: nodular, opaque, and ivory colored; 
and membranous, transparent, slightly 
yellow in color, and like firm gelatin in 
consistency; several samples contained 
considerable amounts of blood. The gross 
tumors designated as nodular (fig. 7, 
A, B, and C) proved on microscopic 
examination to be composed of tumor cells, 
with many mitotic figures, only very few 
leukocytes, and blood vessels containing 
some erythrocytes. The bloody material 
proved to be rich in congested capillaries 
(with rather slight hemorrhage) and con- 
tained a considerable number of poly- 
morphonuclear leukocytes. The mem- 
branous material was found to be heavily 
infiltrated with mature polymorphonuclear 
leukocytes, and with some maturing mye- 
locytes; tumor cells were doubtless very 
few, and it is uncertain how many there 
actually were because of the difficulty of 
distinguishing them fibroblastlike 
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285 


embryonal cells. There were numerous 
mitotic figures, but many of these were in 
the embryonal cells. Good metabolic 
correlation with tumor histology was 
possible (table 1, tumor 1 cultured on egg 
embryo) in view of the striking difference 
between the nodular and membranous 
type (fig. 7). 


MErTABOLIC DaTA 


The metabolic data are presented in the 
protocol and in tables 1-4. Standardized 
sets of metabolic data for each tumor are 
given in table 1. In this table the experi- 
ments are arranged in the order of their 
dates of occurrence, to indicate the se- 
quence of the transplants involved and the 
order in which we acquired experience 
both with any given tumor and with 
different tumors. The replicate deter- 
minations, aerobic and anaerobic, are 
listed in decreasing order of the glycolysis 
values. It should be clearly understood 
that there is no necessary relationship be- 
tween the number of aerobic and anaerobic 
replications; and in particular, that there 
is no connection between a given row of 
anaerobic data on the same line with a set 
of aerobic data, since the aerobic and 
anaerobic data were always obtained in 
different vessels, and in no instance with 
the same particular pieces of tissue. 
Chemical O;, and manometric Q, values 
and their ratios on a given row correspond, 
of course. 

Aerobic Q Values 


It is our feeling that differences between 
replicates are accounted for about equally 
on the bases of (1) actual differences in 
the aliquot portions of sliced material 
(wet weight/dry weight ratios, percentages 
of any connective tissue, muscle, necrosis, 
etc.), and (2) manipulative errors. In a 
survey of the magnitude of this investiga- 
tion, wherein large metabolic differences 
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vaded by tumor; C (No. 10287), only an occasional cell resembling a tumor cell is seen among masses 
of mononuclear cells, most of which appear to be monocytes, with some lymphocytes; D, E, and I 
(No. 10288), sarcoma cells with varying amounts of intercellular substance: in D, small amount, 
with accumulation of mucinous material; in F, moderate amount, with vacuolization and degenera- 
tion of tumor cells and an enormously dilated capillary filled with erythrocytes; in F, enormous 
amount, with few tumor cells. > 450. 


= 
BSS 
Pog a ie Ficure 6.—Chicken tumor 1.—A (No. 10287), relatively pure tumor cells; B (No. 10285), muscle in- 
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Ficure 7.—Chicken tumor 1 grown on chorioallantoic membrane of chick embryo. A, B, and C (No. Q), 
from nodular growth with a relatively pure culture of tumor cells; D, £, and F (No. R), from mem- 
branous growth, with occasional tumor cells in the embryonal mesenchyme, which is densely infil- 
trated with white blood cells of various types. Thickened epithelial cells of the membrane are seen on 
the right margins of Dand EF. 450. 
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Tas.e 1.—Standard metabolic determinations of chicken tumors 
METHYLCHOLANTHRENE-INDUCED CHICKEN TUMOR 16 


| Determinations 


| 
| 


| Chemical/Man- 
Manometric Chemical ometrie 


| 


Anaerobic 


Chicken No. 


Dry weight 


| Qco, 


| 


7) 14.1) 12.4 
12.4, 6.4 
15. 4) 
14.1 


Pes 


= 


SEW 


NPS 


8s 


112.1 
11.5)111.1 


15. 5\114.3 
16. 14.3 
14. 


wo 


4. 
4. 
3. 
4. 
3. 
3. 
5. 


Ae Con 


Sas 


SSN Senn 


COWS 


SEN 
Won 


10181. 


Irradiated * 


10271-10275 
Irradiated 


210.3 


26.9 
26.4 


9 


See footnotes at end of table. 
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2 | | ‘ — 
| | | | Hour | | < 
2 | | |_| 4] 2) 
1940 | °c. | Pet. | | 
Mar. 29} 37 0.90) 1.17 
6.1] 1 14.3] 12.1/112.6| 13.8] 12.2) 5.2 72 
6 5.3) .68) 13.6) 12.2) 12.2) 13.5) 12.1) 6.0 90; 
1) 4.7) 1 11.3) 11.5)111.0) 11.7) as 4.2 .70 
595 Apr. 8| 37.0) 15.0 4) 2.8) 1.21 
2 5. 7| 2.87 
9794. | May 31| 37.5) 13.6) 7.3) 
9793 | June 37.5) 14 14 2 99 
qe 9789. | Jame 7| 37.5) 14.5 3.7)... 
| 
: ..| Oct. 38.0) 14.0 11.7] 11.1) 11.1) 
214.9)? 14. 4/213. 
-|f26.0| 22.4 | 22.6) 2.92) | 
12.6) 11.1) 13.9 12.2) 6.5) 87) 
% |17 |27 |10 | 9 | 10 9 
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| Chemical 
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15.3] 15.3) 16.7)__._- 


19.2] 15.6] 14.8] 14.5] 


15. 
- 94) 16.2) 13.5) 13.4) 13.4) 14.1 


Determinations 


00} 14.7) 13.3) 13. 


- 79) 24.1) 22.1) 21.9) 20.2) 22.0) 19.5) 10.7 
00) 16.6) 16.8 
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Taste 1.—Standard metabolic determinations of chicken tumors—Continued 
| Nov. 11 | 
Aug. 23 | 38.0 


Grand averages______- 
Tumors_._- 
aerobiosis ©. 

No glucose 
See footnotes at end of table. 
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Chicken No. 
| 
z | ¢ 
| | +  & 
7 2544. 14.4 
10.7 
10.1 1,29 
. 96 .87 
4 
2 2 
99 } 43 
4.3 .99 
— 
“| 277 
ab 2 2.55 
99 1.26, 1.08 
5.4 1,11 87 
1.06 
7.5 1.04 
10. 6 1.05| 1,28 
— 
7. 6) 4.2) .76) 12.4) 10.8) 10.5) 9.8} 10.9)__- 
9.8) 10.4 4.1} .80| 21.3) 18.9] 18.3] 16.9] 
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Tape 1.—Standard metabolic determinations of chicken tumors—Continued 


CHICKEN TUMOR 11—Continued 


| Determinations 


| | Chemical/Man- 
Manometric Chemical | ometric 
| 
Aerobie Anaerobic | 
. 
Chieken No. Q*:, | 
— — | 
| 
Hour 
= 
= 
e| g g 


| Q 


! 
| °C | Pet. | | 
10041 Aug. 28 | 38.0 9.0) 8.6 4.0| 5.0) . 80) 22.2) 25.0) 18.5) 17.8) 20.9 
4.3) 4.9) 88) 22.3) 20.3) 16.9) 16.6) 19.0 


Grand averages 10.0) 7.3] 4.8) .88| 17.6] 15.5) 14.4) 13.6) 15.3] 14.9) 5.9] 1.04] 


33 |33 | 28 | 7 10 


Determinations number 33 
Tumors ‘ number 10 10 10 10 10 | 10 10 Ww | 3 3 3 3 
CHICKEN TUMOR 12 
9662 May 37.7 10.0; 7.5) O.8) 2.3) 0.35) 7.0) 7.4) 8.2! 10.0 6.3} 1. 22| 0.84 
6.1 7] 1.7) .41) 4 4.2) 4.9| 4.6) 6.5) 4.6) 1.41] 75 
Liver metastasis | 21.9) 22.2) 22.5] 2.88/23. 22.3) 22.1) 23.0) 22.5 | 2.83 
| | | | | | | | 
9659 | May 20} 37.5 13.01 1.5] 1.9) 13.7] 9.4] 10.0} eal 
7.1) 18! .61] 7.9) 7.0) 7.9)17.7) 7.6 | 
5.4, 1.5] .88 | 
| | | 
9747 June 21 | 38.1 11.0) 6.8 | 2.0 11.3} 8.3} 5.9) 7.1) 8.1) 
6.6) 1.1) .46) 8.4] 9.1) 6.9) 7.6) 8.0) 
6.5) 21) 7.6] 7.2) 6&1) 6.1) 6.7] 
6.0 | 1.7 | aa 
9943 July 26 | 38.3 10.8) 10.4 | 16.5) 11.2) 11.1) 13.6) 16.0) 11.1 1.18) 1.07 
13.9) 10.5) 10.2) 12.8) 15.3] 6.6] 1.18) 1.18 
1.0 1.2) 95) 95 10.1) 11.5) 3.4 1.14 
| | | 
9047 | Aug. 12 | 37.9 10.0) 7.2 5.3] 6.6] 7.0] 
| 6.0 4.3) 3.7) 3.1) 3. 9) 
6.5) 4.2} 5.2) 5.2 
| | 
10047 | Sept. 38.0 6.9) 9.2| 7.2) 6.2) 8.0) 7.8} 97} 
6.8} 3.6) 4.9) .73| 6.6) 66) 5.9) 4.7) 5.9) 5.1] 
5.9] 5.6) 5.1) 5.7) 4.9 86 
10049 Sept. 27 | 38.0 10.0; 5.3} 28} 7.3] 5.3] 5.3] 5.3] 5.9 | 
4.3] 1.8) 24) .75| 5.6 5.3} 5.0) 5.2) 
(irand averages 37.9 10.5} 6.3) 2.5) 3.2) .68) 87) 8.3) 6.7) 6.7 7.6) 9.6) 6.3) 10) 92 
Determinations number | 17 | 19 [17 [18 [18 | 18 | | 
‘Tumors number 7 7 7 7 
CHICKEN TUMOR 13 
9488 Apr. 37.5 9.8) 10.8] 2.6] 3.8) 0.68) 19.3) 16.0) 16.6) 16.6 17.1|15.3 | 10.3} 0.89) 0.95 
1.4] 20) 18.7) 15.3| 16.0) 15.3) 16.3]15.6| 
| 17.2) 14.9) 14.6) 13.9) | 95) | 
| | | | | | | | | 
9507 | Apr. 15] 39.0| 8 6| 10.6) 3.4) 2.8! 1.21| 19.9) 16.4) 15 4) 14.7) 166/192) 9.6) 1.16 90 
9.0| 3.5} 3.2) 1.09] 17.9] 16.1]. | 17.0)20.1 | 7.4) 1.18) 82 
10.5 1-5 9. 4/110. 2 10. 5|10. 6 | | 1.01} 
12,86] 22.8/23.9) 20] 20) 20) 27) 21 2, 14] 
1 2.91 27) 27/205) 29) 2.15) 2,171 


See footnotes at end of table. 
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Tase 1.—Standard metabolic determinations of chicken tumors—Continued 


CHICKEN TUMOR 13—Continued 


) 


Determinations 


| 
| 
Manometrie | Chemical 
Aerobic | Anaerobie | | 
Chicken No. | | | | | | Q*:, | | 
| | Hour 
| & | & lel | o 
194 °C. | Pet. 

9527 Apr. 17 | 39.0) 9.5) 11.4)... 3.9). 8, 910g, 1107, | 

8.9) 2.1) 2.7] 7819. 7. | 2.97 

7.3) 2.2). 50/05. 1/10 5, 1/103. } 21.13] 

6.9] 3.4) 2.9) 1.17/10 7 24. | 21,19} 
{19 1. 3. 3. 9) 24,21 
| | | | 10 1. 1. 1, 1. 21.4 21.17 
| | | | 

9521 | Apr. 24] 381) 13.6] 9.3] 4.3] 5.0] 18.7| 14.1] 1291110. 1 13.9 : 

éi......1 | 16.0) 13 i 10.8)! 10.0) 12.5 
| | 5.8) 6.0) | | | | 
| | | | | } 

9698 May 37.5; 10.4) 10.4) 27) 4.2) .64| 13.2) 16.2] 14.8) 124) | 

| 9.3) 2.4) 3.9) .62| 14.5) 15.1) 13.6) 12.4] 13.9 

7.0) 3.1) 3.1) 1.00) 13.2) 13.4) 12.3) 11.2) 12.5) 
| 6.9) 3.3) 1.09) 12.8 11.6) 10. 11. | 

| May 15 388. 2 7.9 58.9) 51.9 52.9 5. 66 19.1, 18.9 16.8 14.1) 17. 2)16.1 | 56.6, 93) 74 
23) 29) 16.5)516.2| 6.2.98) 86 
| | | 

| May 24| 37.5] 12.5} 5.9) 2.4 3.0) .80) 13.8) 14.5) 14.3) 14.3) 14.2)18.9 | 4.8, 1.33) 
5.4| 2.4) 2.7| .89| 12.0 12.7 13.0) 13.2) 12.7 5.0| | 
| | | | 10.0) 10.5) 11.7) 10.9) 10.8)13.2 | 

| | | | 

June 12) 37.6, 11.6) 3.6) 3.9! 18.0! 15.7) 13.4) 14.1] 15.3 

6.8) 3.3) 3.6.92) 18.5) 14.9 14.3) 13.4) 15.3 | 
| | 66) 3.7) 4.2) 16.7, 14.4) 13.1) 124) 141 
6.3| a9) 4.1) -| 
9853 | June 15| 38.0) 7.9 11.4| 4.6| 5.31 87) 26.1) 21.6) 20.0) 12.6) 20.1)19.1 8.81 95) 7 
9.6) 3.9) 24.3) 19.1) 19.9) 12.6) 19.0121.4| 7.2) 1.13) 75 
88) 5.1) 5.4) .94) 23. 10. 19.1) 17.7] 12.5 18.1)15.9 | 7.1 | 
Grand averages 38. 10. 2} 8. 3.7 _ 86) 16.8) 15.2 41 12.9) 14.9)16.1 1.03}. 88 
number.| 27 | 25 | 26 | 24 2s | 24 2/15 }12 | 15 | 12 
number | 9 | 9 8] 8] 8 Pere 
| | 
CHICKEN TUMOR I 

10288. loct. 9| 38.0; sol 1.0) 18) 13.9) 13.5 13.1] 13.1) 13.4 
| 8.6) 1.7] .65| 13.1] 13.1] 12.2] 12.2] 12.6 
| | 86, 11) 17) 10.7) 11.1) 11.5| 10.9 

10284 Oct. 38.0) 12.0) 121) 21) 3.2) .63) 20. 0) 16.8) 16.5) 15.1) 17.1 | 
12.1) 1.5] 17.1] 15.5] 15.5) 15.5] 15.9 
| | | 

| 

10285- Oct. 21 | 38.0} 13.0] &3| 28] 3.6) .78 17.7| 12.3} 12.9] 11.9] 13.7 

| | 69) 23) 3.0) 14.8) 13.4) 13.8) 11.5) 13.4 | 
| } | | 

10287 Oct. 21) 38.0 12.0 121) 22) 3.7) 27.4) 23.6] 22.6) 21.3) 23.7 
| 2.1) 23.9) 23.2) 22.2) 20.9] 22.5). 

} 

2552 _| Nov. 6 | 38.0) 7.0) 11.0, 1.6, 2.31 70) 27.8) 20.9) 18.5) 14.8) 20.5) 23. 9.1 1.16). 88 
| | 99 1.2) 1.5 80) 17.1) 15.8) 17.4) 14.1) 16.1) 23.6| 7.7) 147]. 78 
| 

2553. _.| Nov. 6| 38.0/ 8.0) o| 1.71 2.8) 17.5] 14.8) 14.8) 19.8) 14.7] 17.1) 1.9) 1.16) 1.48 
1.3) 21] 17.2) 16.4/ 14.5] 10.0) 14.5) 


See footnotes at end of table. 
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Taste 1.—Standard metabolic determinations of chichen tumors—Continued 
CHICKEN TUMOR I—Continued 
| Determinations 
| Manometric Chemical 
Aerobic | Anaerobic | 
Chicken No, | | 
o | Hour | 
~ } < 
1940 |°C.| Pet. 
2549................| Nov. 8| 380 6.7 10.9 14 16.0). 
2550__ ..-| Nov. 8} 38.0 6.9 a7 17.6) 17.4 
8. 5.2| 15.8 
| 
Nov. 8| 38.0) 12.0) 10.8 15.3) 17.6 | 
9.7 10.4) 11.5 | 
Grand averages... 38.0 9.5) 10.0 3) 14.0) 15.8) 21.5) 9.1) | 
}19 | 19 | 19 | 18 | 19 | 19 |19 |} 19 | 3] 4] 3 | 4 
Tumors. ....number..| | | 10 10 | 10 | 10 | 10 | 10 10 | 10 | | 92 2 
| | 
CHICKEN TUMOR I CULTURED ON EGG EMBRYO 
(6 eggs): | Nov. 13 38.0 14.6} 4.1) .70| 21.6) 19 12.3) 15. 7 | | 
5.3] 4.8] 2.8] 1.71) 11.6) 11.1] 10.4) 10.7| 10.9). | 
P (9 eggs) Nov. 18 | 37.8 | | 
» (9 eggs): Nov. a | | | 
23) 32) .72) 18.0) 17.3) 17.3) 14.7) 16.8) 18.7) 5.8 
6.8) 5.6) 4.1) 1.37] 12.9] 12.3] 14.3] 10.9) 12.6] 13.7, 5.3) 1.09) 78 
6.8| 3.0) 1.20) 17.3) 20.5) 16.5] 17.8] 18.0) 22.8) 6.4) 1.26 94 
Hemorrhagic’. $8 3.6| 1.61| 11.1| 15.6] 9.8) 11.6] 10.9) 3.5) 
6.2} 5.8) 6.7] 26! 93 
Membranous 8.7; 28) 69) 5.6 $2 3.81 7.71 59) 5.0 134 
Q (8 eggs): Nov. 23 | 38.0 
9.9| 4.7) 4.9) 22.2) 19.5) 17.6) 16.9) 19.0|___ 
7.0/4 9.6) 4.5] 4.9] .92) 18.5) 16.6) 15.1] 15.5] 16.4 a 
9.0) 4.0) 4.2) 195)... | 
2.6) 3.2) .81) 18.1) 17.7) 15.1) 14.4) 
5.5) 2.9) 3.5) .83) 13.5] 12.9) 11.4) 12.1] 12.5 
R (12 eggs): Nov. 28| 38.0 | 
he . oo - - 
7.4) 4.2) 4.4) 7.6)_- 1.08 
12.6} 2.2) 4.3) .51 93 
6.9) 3.9) 4.9) .80 | 8.0 | 1.16 
6. 4.5] 3.0) 4.1) .73 5.4 120 
See footnotes at end of table. 
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Tas_e 1.—Standard metabolic determinations of chicken tumors—Continued 


CHICKEN TUMOR I CULTURED ON EGG EMBRYO—Continued 


Determinations 
| | Chemical/Man- 
| | | Manometric oe Chemical ometric 
| | Aerobic Anaerobic | | | | 
Chicken No. | | | | 
i 9 | Hour | | | 
s | 3 2 | “> 
= | | | < < = 
| | | | | | 
Nodular: | | | 
Grand aver-| 1940 | °C.) Pet. 
38.0 7.0; 9.4 4.5) 4.9) .94 16.6) 15. 3| 16.3 16.2 7.1 1.10 86 
Determina- | 
tions | } | | 
number hal | ll ll Il il 6 6 6 6 | 6 2 6 2 6 
2 | | 
mber_. 3 1 | 3 1 1 
“Hemorr! | | 
Grand aver- | 
| 3.6 15 1| 16.0 13,8) 14.8) 16.8) 6.9) 1.10 
Determine- | | 
ions | 
Materials | 
number__ 2 | 2 2 2 1 1 1 eis 1 2 1 2 
semimembranous: } | | 
Grand aver- | 
ages..._____| | 38.0 7.5} 5.7) 27) 3.3) .82) 15.8] 15.3] 13.2) 13.2) 14.4 
tions | | 
ltembranous: | | | | | 
| 38.0) 7.7| 4.8) 4.7) 4.2) 1. 7.6 7.5) 9.0) 83) 8. 6.7 1.34) 1.10 
Determina- | | 
ons 
number. |} 5 | 5 5 | 5 1 1 3 
Materials | | | 
| 3 | 3 2 2) 2 2; 2) 1 2 | @ 
| | 


1 Readings taken for fifth, sixth, and even eighth hour, with relatively little further decrease. 

2 Not included in grand averages. 

3 aon of tumor material irradiated, immediately after removal from chicken, with 20,000 r units over period of about 30 
minutes. 

4 Material allowed to stand at 10° C. for 24 hours before manometric analysis (material of Oct. 14, 1940). 

5 Unrinsed, i. e., tissue slices placed directly into experimental vessels without usual preliminary standing i in bicarbonate- 
glucose-free Ringer’ s solution. 

6 Slices placed in Ringer-bicarbonate-glucose medium in vessels on manometers and maintained in 95 percent N»-5 percent 
CO: for 1 hour and then later replaced by 95 percent O2-5 percent C O2 and the experiment conducted as usual. 

7 As in footnote 6 but with glucose w ‘ithheld during the 1-hour anaerobiosis. 

5 Bicarbonate concentration three-fourths usual value. 

* Subsequent histological examination of aliquots of the material metabolized indicated that somewhat more than half the 
sliced material consisted of liver, the rest being an invading metastasis of tumor 12. The metabolism values obtained are nearer 
those of liver than of tumor 12, evidently because of the actual proportions of the two tissues involved. 

10 Anaerobic values not included in grand, averages. Glucose added to first three after preliminary 34-hour anaerobiosis at 
=0; to fourth and fifth after 114 hours at t=14; to sixth after 234 hours at t=2; and to seventh after 44 hours at t=3)4 hours. 
Respective values for fifth and sixth hours are 6.5 and 6.5: 6.3 and 5.9; 4.7 and 4.9; 5.4 and 5.4; 3.7 and 3.3; 1.3 and 0.7; 0 and 1.1. 
The average QN2 4 includes these latter values, in order to correspond to the QN2,, values reported. 
1! 0.0036 M NaCN; gas phase 5 percent CO: in 95 percent O2 instead of in 95 percent No. 
2 A given material may contain several embryo tumors combined, where similar in gross appearance and individually ine 
sufficient for a complete series of determinations. 


| 

53 

16 

20) 


224 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


requiring little or no statistical treatment 
for their detection are being looked for, 
the limits of replicate variation and error 
may well call for somewhat wider toler- 
ance than in many other more specialized 
studies, and indeed a relaxing of adher- 
ence to minor aspects of the standardized 
routine has desirable features. In_ this 
light, the replication obtained with the 
various Q values is, by and large, quite 
satisfactory, such differences as do exist 
probably being more interesting than un- 
desirable, regardless of whether these dif- 
ferences may or may not be completely 
understood. The experimental data re- 
ported in table 1 are not selected but are 
presented essentially in entirety, in order 
to leave no doubt as to the extreme limits 
of experimental variation obtained. 

In regard to the variability of replicates 
among the different types of aerobic Q 
values, it is our general impression that 
the variability increases in the order Qo,, 
Q®,, Qco,, and R. Q., which is the order 
of difficulty of experimental determina- 
tion. With the Summerson manometer, 
Qco, depends very markedly on the ac- 
curacy of the /, reading, and the R. Q. is 
similarly affected, but of course contains 
in addition any error and variability also 
introduced by the Qo, values. The Qo, 
values depend only on the /, readings, 
whereas the Q®, and Qeo, values each 
depend upon two readings, and and 
h, and hy, respectively. 

A considerable part of the variability be- 
tween replicates is unquestionably due to 
unavoidable differences in wet 
weight/dry weight ratios, caused by the 
impossibility of accomplishing strictly uni- 
form blotting of the slices immediately be- 
fore their weighing. Evidence confirming 
this consideration may be obtained from 
the fact that the arrangement of aerobic 
data in decreasing order of Q°, values of 
replicates shows a surprising degree of cor- 


relation with the replicate Qeo, and Qo, 
values, which likewise fall in decreasing 
order, in at least 75 percent of the cases. 
It scarcely seems likely that this high cor- 
relation could be obtained except on some 
basis, such as percent of moisture, that 
would automatically affect all of the cal- 
culated Q values in the same direction. 
An inverse correlation of order of Q°, 
with Qceo, and Qo, values could be ex- 
pected if the Q°, values were varying 
mainly with the percentage purity of 
tumor in the slices. Thus, a high percent- 
age of tumor cells in a given replicate 
slice of material yielding a higher Q®, 
value could be expected to yield relatively 
lower Qco, and Qo, values than in another 
replicate sample with fewer tumor cells, 
since tumor metabolism is in general char- 
acterized by relatively high Q°, values, 
and low Qo, and particularly low Qeo, 
values (low R. Q. values).® 

Another factor concerned in the aerobic 
determination is that, with tumors possess- 
ing relatively low Qo, er Qceo, values, or 
relatively high Q°, values, it becomes 
more difficult to adjust the amount of 
tissue employed so that it will be optimum 
for determining all three quantities. To 


5 In the case of tumor 13, it is possible that a negative 
correlation actuaily does exist between given replicate 
values of Q°24 and Qco, (likewise Q°4 and R.Q.), a 
phenomenon that we seem to have observed to some extent 
also in rat liver cirrhoses and carcinomas induced by di- 
methylaminoazobenzene. If this phenomenon is genuine, 
it is probably not the methodological one that might be 
caused simply by faulty h, readings, since this would 
change Q 4 and Qco, by equal and opposite amounts, 
whereas the increase in Qceo, is usually several fold 
greater than the decrease in Q9,4. This suggests that 
some intermediate acid product (possibly a dicarboxylic 
acid) containing several carbon atoms is, in the replicate 
with the lower Q024 value, being converted into carbon 
dioxide: in other words, for some reason more complete 
oxidation or decarboxylation of the intermediate has oc- 
curred. Whether oxidation or decarboxylation, or both, 
is involved in any given instance, might be decided by a 
consideration of the replicate Qo, values. The data 
available do not permit more than an indefinite decision 
at present. It is important to note that if the phenomenon 
described is metabolically real, it would also account for 
part of the variability in R. O 
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use enough tissue to obtain satisfactorily 
large. values of total oxygen consumption 
and carbon dioxide production (Xo, and 
Xco, values) would yield at the same time 
relatively large X°2, values with corre- 
spondingly large decreases in pH, which is 
not desirable. Much of the large variation 
in the R. Q. values of tumors 12 and 13, 
especially in the first experiments, is 
unquestionably due to the fact that the 
amounts of tissue employed were adjustec 
to yield appropriate X°2, values, but too 
small Xo, and Xco, values, and hence 
highly variable and relatively inaccurate 
Qco,, and R. Q. values. 


Anaerobic Q Values 


Except for composition differences in the 
slices, anaerobic replication should be very 
close; and if in the table an exceptionally 
low replicate value is found, it may be 
regarded with the suspicion that it is a 
result of imperfect removal of all oxygen 
during equilibration. The presence of 1 
percent or less residual oxygen in a vessel 
would scarcely reduce the actual rate of 
acid production, but the consumption of 
this oxygen by the tissue would result in 
a pressure change of reversed sign, and 
would thus yield a Q™2, value lower than 
the correct one. For this reason, the 
higher replicate values are probably to 
be preferred. 

The anaerobic Q*2, values are given 
hourly for some 4 hours in order to indicate 
their rates of fall with time, which are, in 
fact, as with most tumors, considerably less 
than with most adult normal tissues, es- 
pecially liver. As can be seen, the tumors 
possess a fairly stable QN2, rate over a 
period of many hours, decreasing seldom 
by more than 30 percent in 4 hours, 
sometimes not at all, and perhaps 10 to 15 
percent as an average, as compared with 
50 to 90 percent with normal liver, which 
of course possesses a much lower absolute 


(and essentially equal to O). 
Some of this fall is doubtless methodologi- 
cal, involving decreasing glucose concen- 
tration, bicarbonate concentration, or pH: 
and as our investigations progressed, we 
found it preferable, for the amounts of 
tissue and time employed, to use at least 
3 ce. of medium in the anaerobic vessels 
and 2 cc. in the aerobic, and even more if 
feasible. We believe that the 4-hour 
average Q*2, value is probably as repre- 
sentative or more so than the value for the 
first hour or any other hour. In general 
it most nearly equals the second-hour 
value. The first-hour value may be 
“high” because of equilibration factors 
either inherent in the tissue or methodo- 
logical (manometric). The average 4- 
hour (or indeed second-hour) Q2, values 
are essentially equivalent to the 30-to- 
120-minute Q*?, values favored by some 
workers. Readings were not infrequently 
taken for periods longer than 4 hours (e. g.. 
table 1, chicken tumors 16, 12, and 13) 
and the further decreases in Q*?, values 
observed were ordinarily even less than 
in the 2-to-4-hour peried. 

The old method of obtaining Q 2, in the 
presence of oxygen by the use of cyanide to 
inhibit respiration, introduced by War- 
burg (2) and employed in the studies of 
Murphy and Hawkins (/6) and many 
others of that period, receives confirmation 
in table 1 (tumor 1 on egg embryo). 
For tumor P, the values of Q¥%2, with 
cyanide and oxygen are indistinguishable 
from those obtained anaerobically and 
without cyanide. 


Chemical Q Values 


The chemical lactic acid determinations 
serve to establish not only the absolute OQ, 
values but also to confirm the manometric 


6 In table 1, tumor 11, No. 9967, the use of three- 


fourths of the customary initial bicarbonate concentration 


introduced no measurable change in any of the aerobically 
determined values. 
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Q values and differences between mano- 
metric replicates. Corresponding Q™%,, 
and Q™2, determinations were always per- 
formed on the same particular sliced 
material and for an identical period of 
time. Whereas the Q%2,, values refer, so 
far as is known, solely to lactic acid, as 
determined by the highly specific method 
of Barker and Summerson (27), the Q¥2, 
values refer to net acid production (includ- 
ing base consumption, if any). With the 
individual tumor samples examined, the 
Qra/Q, values vary a good deal, and it is 
probable that all proper aerobic values lie 
between 0.7 and 1.0, and anaerobic 
values between 0.8 and 1.2, as extreme 
limits. Values outside these ranges must 
be regarded as unlikely; although, to be 
sure, with a tissue such as liver, values as 
low as zero may be real. The grand 
averages given in the individual tumor 
tables are calculated from the vertical 
chemical/manometric Qy,4/Q, columns 
and not from the horizontal grand average 
values, since on the latter basis unequal, 
noncorresponding numbers of Qy4/Q, 
determinations would be concerned. 


MISCELLANEOUS VARIABLES 


In table 1 will be found incidental experi- 
ments on items of special interest, includ- 
ing effects of high temperature, cyanide, 
bicarbonate and glucose concentrations, 
dry-weight procedure, etc. These inci- 
dental icsults are not included in the grand 
averages and are probably not specific 
for the particular tumor that happened to 
be employed. 


Temperature 


It is probable that the incidental differ- 
ences in temperature settings from day to 
day, ranging between 37° and 39° C., 
caused little variation between one sample 
of tumor transplant and another, as dis- 
tinguished from replicates of a given 
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sample, since this temperature range so 
closely approximates the optimum. As 
indicated in table 1, tumor 16 No. 9595, 
even 41° scarcely changed the glycolysis 
values as compared with those for 37°, al- 
though the respiration values were in this in- 
stance apparently increased. The respira- 
tory quotient was not significantly affected, 
as noted earlier by Dickens and Simer (7) 
(cf. table 4, footnote). Forty-one degrees 
is, of course, closer to the chicken body 
temperature than the average 38° usually 
employed; but the latter temperature was 
chosen as being nearer temperatures 
previously used in studying mammalian 
tissue slices and was also adopted in view 
of several exploratory experiments at 41° 
which had indicated little difference 
between values there and at 37°. More 
work could undoubtedly be carried out 
concerning this matter. 


Dry Weight 

The possible errors in percentage dry 
weight of each tumor sample _prob- 
ably introduce considerably more _ vari- 
ability between tumors than do the tem- 
perature differences just discussed, in the 
results obtained with different trans- 
plants of a given tumor. The percent dry- 
weight values must be regarded, how- 
ever, as fairly constant for any given tumor, 
and the grand average values were indeed 
nearly the same for all tumors, namely , 
about 10 percent, except in the case.of the 
methylcholanthrene-induced tumor 16, 
which was 40 percent greater, and the 
embryo-cultured tumor 1, which was 30 
percent less. 

In all our experiments, the initial dry 
weight has been taken as the basis of cal- 
culation for the metabolic values, al- 
though until a few years ago the final dry 
weight was almost invariably employed 
by others, following the original procedure 
introduced by Warburg. The final dry 


Fe. 
3 5 
4 
| iz 
7 
# 
‘ 
: 
> 
A 
q 
wae 
= 
iad 
Sar 
on 
is 
Fe 


METABOLISM OF CHICKEN TUMORS 227i 


weight is usually much smaller than the 
initial dry weight’ and therefore gives 
much larger Q values. Whether to use 
the initial dry weight or the final dry 
weight (obtained by calculation of dry 
weight of residual slices removed from 
vessels at the end of an experiment) as a 
basis of establishing the metabolic values, 
has been a point of some discussion in the 
past. Elliott, Greig, and Benoy (37, 38) 
discuss the advantages and disadvantages 
of both methods. In our opinion, use of 
the final dry weight is scarcely ever to be 
recommended and ordinarily to be de- 
plored. The main argument advanced in 
its favor, that the residual intact tissue is 
essentially responsible for the metabolism, 
and the diffuse material not appreciably, 
is highly gratuitous, and in any event 
the final dry-weight values refer only 
to the residual intact tissue at the end, 
and not during the average course of the 
experiment. Furthermore, even in a single 
set of experiments, the wet weight/dry 
weight ratio for a sample of tissue in 
different manometer vessels varies widely 
(37, 38, 39). Technical difficulties in re- 
covering the tissue from the medium also 
reduce accuracy, especially where relatively 
small amounts of tissue slice material for 
dry-weight weighings are involved, which is 
frequently the case. The initial dry weight 
is unquestionably more representative of 
the fresh tissue and is obtained with far 
less trouble. 

Table 2 shows figures for both initial 
and final dry weight determinations on 
aliquots of the same original tissue, to- 
gether with the desired final/initial dry 
weight ratio. The average final/initial 
ratio is about 0.5, which represents a very 
marked ‘‘correction factor” and one which 

7 With some tissues the final wet weight is sometimes 
actually larger than the initial wet weight. This may 
occur when the dry weight loss is relatively small, and is 


caused by the taking up of fluid by the tissue during the 
experimental period. 


in principle introduces a great deal of un- 
certainty into many, possibly the bulk, of 
the Q values reported in the literature 
during the past 20 years. The situation 
is undoubtedly further aggravated by the 
fact that the correction must show con- 
siderable numerical variation from tissue 
to tissue, and from the experimental con- 
ditions of one investigator to another, and 
in particular with the length of time and 
vigorousness of shaking involved. In com- 
paring our Q values, or those of others 
likewise based upon initial dry weights, 
with any other reported Q values based 
upon final dry weights, we do not hesitate 
to recommend multiplication of the final 
dry-weight value by a factor definitely 
less than unity, possibly 0.8 for the least 
fragile tissues, and even as low as 0.3 for 
the most fragile tissues (cf. 39.) For ex- 
periments with tumors involving at least 
1 hour’s shaking, a factor of from 0.5 to 0.6 
would be appropriate; and as indicated in 
table 2, we have applied this correction to all 
chicken tumor metabolism data previously 
reported, all of which appear to be based 
upon final dry weights, that is, the “‘pro- 
cedure of Warburg”’ was reported to have 
been followed. 
Rinsing 

As indicated in table 1, tumor 11, No. 
9948 and tumor 13, No. 9690, the effect 
of the customary rinsing or standing, dur- 
ing the process of slicing, at room temper- 
ature or lower in bicarbonate-phosphate- 
glucose-free Ringer’s solution, as com- 
pared with placing the tissue slices directly 
into the vessels, had no marked effect on 
the glycolysis values. The R. Q. values, 
however, tended to become higher with 
prolonged rinsing, although the increase 
was quite out of the ordinary in the par- 
ticular instances given. The rise was 
caused mainly by the increase in Qco, 
values and also possibly by the fact that 
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Taste 2.—Ratio of final to initial dry weight 
(chicken tumor 7 *) 


Final/ 
2 Final weight initial 
weight ! 
& 
Chick-cultured: | Mg. Mg. Pet.| Mg." Mg. Pet., Percent 
No. 10284... | 100,12.0 12.0 4101) 6.0) 5.9 419 
No, 2553. .........| 100) 8.0) 101) 3.9) 3.9) 49 
Embryo-cultured: | | 
100) 8.0 8.0, 105) 5.8 5.5 
} 102) 5.5) 5.4 68 
Nodular. 200)12.8, 6.4) $258, 8.3) 3.2) 50 
“Hem or-| | } 
rhagic”’ 200)13.0) 6.5) 5253) 8.7) 3.4 52 
Membranous 65 5.7) 8.8) $253) 8.8) 3. 40 
Q: 
Nodular. 200/14.0 7.0) 5 30010.0) 3.3) 47 
-| 651] 1.7] 3.3 47 
..-| $50) 1.8) 3.6 
R: 
Nodular .-| 203,13. 5) 6.7, 22.0) 3.6 54 
“Hemor-| | | | 
rhagie’”’_____| 203)15.0) 7.4) 5607 23.0) 3.8 dl 
.5) 5604 24.0 4.0 61 


Membranous - | 6 


! Similar values have been obtained with butter-yellow - 
induced rat-liver cirrhoses, tumors, and necroses, and normal 
rat liver; and normal and leukemic mouse liver, spleen, and 
lymph node. 

2 Taken on aliquot portions of materials used in the manom- 
eters. 

3 Wet weight is of actual sample put into vessel at begin- 
ning of manometric run; dry weight is of sample after re- 
moving at end of run, drying and weighing. 

4 Wet weights of duplicates at end of run (before drying) 
65 and 68 mg., respectively, or losses of 39 and 43 mg. (38 
and 43 percent). 

5 Tissues from 2 or 4 vessels combined. 

® Anaerobic vessels; all others aerobic. 


the Qo, values were slightly lowered. In 
view of this effect of rinsing upon R. Q., 
the tumor R. Q. values reported in the 
table may be regarded as probably some- 
what higher than those that would have 
been obtained if the tissue slices had been 
placed on moist filter paper in thermostated 
chambers during slicing. It is worth 
noting that with a tissue such as liver the 
effect of rinsing is contrary to that with 
tumors, the R. Q. being lowered with liver. 
Data concerning this will be presented and 
discussed in a forthcoming paper on metab- 
olism of livers and hepatomas of rats fed 
p-dimethylaminoazobenzene (butter yel- 
low). On the other hand, Shorr (40) 
observed that the R. Q. of excised cardiac 
tissue of diabetic dogs increases up to (but 
not higher than) unity, upon prolonged 


incubation in Ringer-phosphate solution 
(more rapidly Ringer-glucose-phos- 
phate solution, and at higher tempera- 
tures); the phosphate is essential for the 
rise to take place. As compared with 
liver, there would thus appear to be some 
resemblance, regarding increased R. Q. 
upon incubation, between tumor and 
excised diabetic tissue, both presumably 
being without hormonal control and with 
their respiratory activity ordinarily re- 
sponding but little to the addition of car- 
bohydrate. Much more work needs to 
be done on the effect of phosphate and 
other conditions on tumor R. Q. changes 
during incubation. 


Absence of Glucose 


The effect of omission of glucose on Q 
values is illustrated for tumor 13 (table 1, 
tumor 13, No. 9507). The glycolysis, 
aerobic and anaerobic, is negligible, at 
least in terms of chemically determined 
lactic acid, whereas the oxygen consump- 
tion is slightly increased, and carbon di- 
oxide and R. Q.are noticeably decreased. 
The effect of added glucose in decreasing 
Qo, slightly has been observed by many 
workers with various tumors and normal 
tissues. In tumor 11 (table 3, No.10142) 
the effect is very considerable (50 percent), 
so marked that here Q¢o, is also reduced. 


Preliminary Anaerobiosis 


Treatment of the tumor slices at body 
temperature under anaerobic conditions 
in the absence of glucose for varying pe- 
riods of time above 1 hour produces a 
marked, progressively irreversible loss of 
ability to glycolyze anaerobically, as indi- 
cated in table 1, tumor 13, No. 9527. The 
inhibiting effect on aerobic glycolysis fol- 
lowing such treatment is probably less 
marked (table 1, tumor 11, No. 9948). 
There is some suggestion that the Qo, is 
slightly raised and the R. Q. slightly low- 
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ered, especially if no glucose has been 
present during preliminary anaerobiosis; 
the glucose is apparently somewhat bene- 
ficial for Q, if present during treatment. 
From these results one might suppose that 
some sort of apparent inhibition of the 
Pasteur effect could be obtained by pre- 
liminary anaerobiosis, in the sense that 
the anaerobic glycolysis would be more 
greatly reduced than the aerobic. The 
result would be that upon admission of 
oxygen after treatment, the difference be- 
tween aerobic and anaerobic glycolysis 
would be reduced or wiped out or even 
become negative. Effects of substrate 
deprivation and preliminary anaerobiosis 
have been considered earlier by Dickens 
and Greville (7/3). 


A-radiation 


X-radiation of ice-cold methylcholan- 
threne-induced tumor 16 (table 1, Nos. 
10181, and 10271-10275) with 20,000 r 
units over a period of 30 minutes produced 
no effect on the standard metabolic Q 
values when these were determined im- 
mediately after irradiation, even though 
transplants of such X-rayed material were 
no longer successful. However, when the 
irradiated tumor material was allowed to 
stand for a day at about 6° to 10° C., a 
very great reduction was observed in the 
aerobic Qceo,, Qo, and R. Q. values. 
These results are somewhat contrary to 
those of Crabtree (47), who reported that 
irradiation of tumor tissue at 0° to 10° 
with radium caused an immediate selective 
lowering of glycolysis whereas the respira- 
tion remained relatively unaffected; upon 
irradiation at body temperature, however, 
glycolysis was reduced, but respiration was 
not affected. The unsuccessful attempts 
at transplantation, even if performed 
immediately after irradiation, were taken 
to be a very delicate test of the absence of 
a filterable agent in this tumor. 


Lactate Utilization 

The experimental values of some three 
to six for the Meyerhof oxidation quotient 
in tumors signify that each equivalent of 
oxygen gas consumed is accompanied by 
(not necessarily causes) a decrease in 
glycolysis under aerobic as compared with 
anaerobic conditions of three to six oxidiz- 
able equivalents (1 to 2 molecules) of 
lactic acid (lactic acid to the extent that 
QO,=Q;4). In terms of the old, now 
largely discarded Meyerhof Cycle theory, 
the decreased lactic acid would represent 
lactic acid disappearing by resynthesis to 
higher molecular weight carbohydrate; 
in terms of the Lipmann explanation, it 
would represent lactic acid never actually 
formed; a third possibility is actual forma- 
tion followed by synthesis to materials 
other than the higher carbohydrate. That 
neither resynthesis nor synthesis is marked- 
ly involved is evident from results with 
tumor 11 in table 3, which shows, following 
earlier work by Benoy and Elliott (42) 
with Philadelphia No. 1 sarcoma and 
Walker No. 256 carcinoma, that lactate 
is utilized very slowly aerobically (and 
not at all anaerobically). The Q°, and 
Q,, values scarcely attain —1.5 as com- 
pared with the absolute Pasteur effect 
values of [Q*2,—Q% ,]=9.2 (or 
[QO =9.0). Lactic acid (or 
total acid) formation and subsequent dis- 
appearance, therefore, does not seem to 
explain at all quantitatively the observed 
Meyerhof oxidation quotients, and it is 
necessary to regard some explanation such 
as that of Lipmann (cf. Burk (5, 6)) 
as obtaining. 

An interesting feature of table 3 is that 
the chemical/manometric ratios (lactic 
acid/total acid) in the presence of added 
lactate (and absence of glucose) are quite 
different from those in the cases hereto- 
fore where glucose has been present. 
Anaerobically the values are no longer 
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Taste 3.—Aerobic and anaerobic lactate 


' Added as neutralized sodium lactate. - 
2 All experimental periods (anaerobic as well as aerobic) 2 hours. 
3 Not ineluded in grand averages. 


about unity but essentially zero: some 
small amount of total acid is produced 
but no lactic. Aerobically the ratios are 
now somewhat greater than unity, rather 
than somewhat less, since the negative 
Q°, values are less negative because of the 
positive production of total acid (which is 
evidently not utilized, at least greatly); 
the negative Q%,, values, however, are 
not reduced by similar considerations and 
hence are now algebraically larger than 
the Q°2, values. The same factor, namely, 
aerobic production of acid besides lactic 
(in the presence or absence of glucose or 
lactate or both), thus operates both to 
make the ratios in glucose less than unity 
and those in lactate greater. The experi- 
ments of table 3 could be amplified to 
extend to higher concentrations of lactate 
(where greater utilization might conceiv- 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 


utilization or consumption by chicken tumor 11 in glucose-free Ringer- 
bicarbonate medium ? 


Determinations 
Manometric 
—— Chemical 
| An- | Chemical yfanometric 
Dry tate Aerobic aer- 
Chicken No. Date — weight | add- obic | 
| | ° 
| 2 
< < 
1940 | °C, | Pet. | Pet. | | | | 
10145 |-sept 24/ 38.0! 10.0) 0.00|-0.7 68| 0.81 |-0.9 | 1.29 
| .02 |-1.0 |-1.3 | 1.30 
| —.8 | 4.3 | 5.2 | |—1.5 | 1.87 
|-1.6) 7.2| 80) .90| 
00 | | |+1.7 +0. 00) +0.00 
-20 | = |+1.9 |+ . 10) +.05 | 
| | } | | 
10142___ Sept. 25| 38.0) 10.0) .00|—.7| 65) 81) .80) —.9 1, 28 
| -02|-1.0/ 6.9| 84] .82 | —.9 | 
(06 |=1.1 68) 80) |-1.8 14 
-20|-1.8| 7.7] 8&2] .94 
- 00 | 41.7 | +.00) +.00 
| 
Glucose (0.24 percent) _____. 5.00 4/93, 8 | 34.1 3.93 | |-- 
Grand averages-._- 64 7.5 | - = 2 iz +. 02 | 1.38 
Determinations no |__| fe ere ¥ 6 
no | | 2 | 2 13 2 2 2 


ably be obtained) and even to other 
tumors. Had a considerable lactate utili- 
zation by tumors been observed, it was 
intended to make a detailed study as to its 
fate in disappearance, but under the cir- 
cumstances the matter has not been pur- 
sued for the present. 


COMPARATIVE ANALYSIS OF ALL 
CHICKEN TUMOR METABOLISM 
DATA 


The chief the individual 
tumor data eventually focuses upon the 
grand averages of the many individual 
determinations. Statistical treatment of 
the grand averages was not deemed war- 
ranted, for the present at least. 
be said, however, 
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It may 
that replicate deter- 
minations on a given tumor sample would 
appear to merit about the same weight as 
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an equal number of single determinations 
on different samples of the same kind of 
tumor and are so weighted in the grand 
averages. These grand averages are 
brought together for ready comparison 
in table 4, in which certain derived quo- 
tients and functions long useful in char- 
acterizing tumor metabolism are calcu- 
lated. In addition, in the last section of 
the table and in a footnote are reported 
essentially all other chicken tumor metab- 
olism data available from the literature. 
In considering the data of table 4 in com- 
parison with data for other tumors and 
times, reference should be made to the 
extended discussion, analysis, and tabular 
summary thereof by Burk (5, 6). More 
recent shorter discussions, and also con- 
troversy concerning various aspects of the 
nature of malignant tumor metabolism, 
are given by Dickens (43), Boyland (44), 
Berenblum, Chain, and Heatley (45), 
Dickens and Weil-Malherbe (39, 46), and 
Burk, Behrens, and Sugiura (47). In the 
controversial issues the present writers 
are most nearly in agreement with the 
views of Dickens, and are to a large extent 
opposed to those of Berenblum, as will be 
considered elsewhere (48 et seq.). 

The first point of interest in table 4 is the 
very large magnitude of the Q andQ °24 
values (also Q 2,4 and Q 2,4 values) of all 
of the tumors except perhaps in the two cases 
of the tumors containing very considerable 
amounts of inactive material, the osteo- 
chondrosarcoma 12, and the membranous 
embryo-cultured tumor 1 that contains so 
few tumor cells. The Q%2, values (based 
on initial dry weights) are essentially as 


large as those for any previous groups of 


malignant tumors studied. The tumor 
with the highest value of all is the hard, 
compact No. 10, which conceivably was 
derived (via tumor 9) from coal-tar in- 


jection. The other tumor, definitely de- 


rived on a chemically carcinogenic basis, 


methylcholanthrene-induced tumor 16, 
also the most compact of the tumors, 
would, on a wet-weight basis (i. e., present 
values multiplied by about 14.2/10), pro- 
vide a close second in relation to glycolysis. 

The respiratory quotient of all chick- 
cultured tumors is well below unity, in ac- 
cordance with the view introduced by 
Dickens regarding tumor metabolism, 
and, as discussed earlier in the text, the 
values reported may be systematically 
somewhat high. The R. Q. range is ap- 
proximately 0.65 to 0.90. The respiratory 
O, and CO, (Qo, and Qeo,) are very 
definitely low. The lowest Qo, was ob- 
tained with tumor 1, with which Warburg 
had obtained considerable support for 
his view that the respiration of tumors was 
low; it has the lowest R. Q. of anychicken 
tumor. Furthermore the values obtained 
in this investigation for chicken-grown 
tumor 1 are strikingly close to those re- 
ported earlier by Warburg and by Murphy 
and Hawkins, when these latter values are 
corrected to initial rather than final dry 
weights. The other tumor studied by 
Murphy and Hawkins, No. 9, likewise 
yielded values in the same range as the 
tumors studied in this investigation, and 
the same may be said for the miscellaneous 
values reported for tumor 1 of Rous and 
Mill-Hill fowl sarcoma 1 in footnote 3 of 
table 4. 

The nodular embryo-cultured tumor 1 
possesses a glycolytic metabolism identical 
with that of the chick-grown tumor 1, but 
the respiratory Qo,, Qco,, and R. Q. 
values are without question greatly in- 
creased, Qceo, and Qo, by twofold to 
threefold, and R. Q. nearly attains unity. 
Whatever influence is operating here to 
accomplish this continues with greater 
force in the membranous tumor, where the 
R. Q. is certainly well above unity. This 
material, however, is not to be considered 
as a case of a tumor with R. Q. above 


a 
30 
87 
64 
38 
ili- 
yas 
its 
‘ir- 
he 
BF 
ual 
the 
nal 

of 
ar- 
lay 
er- 
as 


ER INSTITUTE 


JOURNAL OF THE NATIONAL CANC 


232 


‘t+ 


sooxe 


| 


) 


( 


) anon UONBPIXO 


| 


oF 


) 


Vig 


( 


suo}ouny 


anaqseg oynposqy 


28° 06° 
G 
6 ol 6 
- 
& 2 
2 3 
=. 
8 
= 
= 
& 4 & 
= = 
3. = 
= 
3 
bed & 
= 
= 
~ = 
< =~ = 
& 3 
al 
2 
= > 
< 


CO 


SUOT) 


| 


parpn]s ssowng uaynys sof pavpunjs fo 


6 6 
rd 
1'8 
Zl 61 
ol 
ef 
£ £ 
| 
6 6 


(209%) uoroenpoid oprxorp 


AIC, 


--Jaquinu 
~-goquinu 


doquinu 


doquinu 


Joquinu- 


yung sqqnis jo 


SOUL, 


yung 


SIOUINT, 


Joquinu 
Joquinu 


J, 


yng jo 


YT 


‘ON JOUIN 


| 
: 
| | 
| | 
| 
| 
| 
| 
o ‘as | | 
ae z | 
' | } 
| 
| | | | 
Bing | H | = io 
3 | H | | 
| al a | 
4 | | 
| 
| 
| 
| 
' 
| 
| 
| 
| 
| 
4 
i 
~ 
4 


KEN TUMORS 


SHIC 


METABOLISM OF C€ 


0} 0} IN [LUY [BULTO UO Pasvq MoM (g/) SULYMBFT PUB Sydanyy (26) *@) jy JO ¢ 


oe - the Lhe se AOQUITEN: 
pue Aqdanyy Jo 6 
ve Joquinn 
sury pur <ydanyy jo 
Jol 
e's t t 61 61 61 61 doquinu 


ool en snoy Jol 


234 


unity, since the histologic examination 
showed almost no tumor cells, but instead 
a heavy infiltration of polymorphonuclear 
leukocytes, together with many embryonal 
cells. The inclusion of the membranous 
material in table 4 is thus justified only 
parenthetically, as is further indicated by 
the fact that the derived quotients are 
very different from those of the tumors 
proper. 

The Q;4/Q, values approximate unity 
with reasonable closeness, being definitely 
and slightly lower for the aerobic values 
and possibly (but doubtfully in reality) 
higher anaerobically. An anaerobic value 
higher than unity could mean production 
of some base as well as lactic acid, but more 
probably methodology is involved; over 
the 4-hour periods of observation em- 
ployed, the pH often decreased by several 
tenths of a unit, so that lactic acid, especial- 
ly that produced toward the end of a run, 
would liberate somewhat less than an 
equivalent amount of carbon dioxide, 
with the result that the manometric 
observations would be correspondingly 
low, and hence the ratio 
high. The manometric determinations 
did not involve this uncertainty, and there 
is every reason to believe that Q%,,/O °?4 
is in fact Jess than unity, in accordance 
with other direct chemical measurements 
by Elliott and coworkers (36, 37, etc.). 
This means that aerobically the tumors 
form a certain amount of acid other than 
lactic acid. For tumors 16, 10, 11, 12, 13, 
and 1 in table 4 the values for this alactic- 
acid formation, which may be termed 
0 =O 4, are respectively, 
0.93, 1.52, 0.79, 0.45, 1.42, 1.22, 1.61, 
—0.60, or an average of 0.92. The corre- 
sponding Q%,,, values are 1.73, 0.47, 
0.53, —1.02, —0.34, —4.40, —1.50, and 
—1.70, or an average of —0.78, but as 
just indicated, these negative anaerobic 
values are probably methodological, and 
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zero values or even very slightly positive 
values are more likely. 

The derived functions of table 4, namely, 
the absolute and percent Pasteur effect, 
Meyerhof oxidation quotient, extent quo- 
tient, and the fermentation excess, are, 
with the possible exception of tumor 12, 
highly characteristic of malignant tumors. 
In particular, the fermentation excess is 
definitely positive, which is the case for 
almost no nontumor tissue; the percent 
Pasteur effect is below 50; the Meyerhof 
oxidation quotient lies between about 3 
and 7; and the extent quotient is above 6. 
The significance of these numerical values 
has been detailed in recent years by Burk 
(5, 6). 

The results with the chicken tumors 
throw light on the controversy as to 
whether the high aerobic glycolysis of 
malignant tumors is effected by a disturbed 
respiration in the sense of there being a 
low Meyerhof oxidation quotient or of 
there being a low limited respiration dimin- 
ished in extent. Is aerobic glycolysis due 
to a deficiency of “‘effect” or of “extent,” in 
the current terminology? The chicken 
tumors studied (with the possible excep- 
tion of the bone osteochondrosarcoma 12) 
indicate very definitely against the “effect” 
explanation. The Meyerhof quotients ob- 
tained are in the range of 3.8 (or 1.2) to 
7.2, a fact which indicates that the Pasteur 
effect is strongly functioning when one 
recalls that values above 0 are indicative 
ofits operation. The ‘extent’ explanation, 
on the other hand, is clearly indicated, 
in the sense that the respiration values 
are rather low as compared with other 
tissues generally (Qo,=2.5—5.5 based on 
initial dry weights), and the anaerobic 
glycolysis values are so high that the high 
aerobic glycolysis may be regarded as a 
residual effect, a result of the fact that 
even with a high Meyerhof oxidation 
quotient the respiration cannot by any 
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means completely prevent glycolysis. The 
high aerobic glycolysis is best regarded as 
a residual effect of an abnormally high 
anaerobic glycolysis and normal respira- 
tion operating in tumors as contrasted 
with the high anaerobic glycolysis and 
high respiration of growing tissue and 
relatively lower anaerobic glycolysis and 
normal respiration of normal tissue. 

We do not like to consider that, accord- 
ing to Dickens’ view, the medium low 
R. Q. of malignant tumors represents a 
“disturbed respiration,” since the majority 
of normal adult tissues also possess R. Q. 
values well below unity; nor can we adopt 
(as more than the most occasional excep- 
tion) the “effect” view added by Warburg 
to his original ‘extent’ view; the “‘dis- 
turbed respiration” of malignant tumors, 
if such really exists, consists of merely the 
low extent of respiration, in accordance 
with Warburg’s first analysis (Burk (6, 
pp. 442-445)), and not of a commonly 


decreased Meyerhof oxidation quotient 
(‘‘effect’’) as well (cf. also 48). 


METABOLIC-BIOLOGIC 
CORRELATIONS 


COMPARISON OF FILTERABLE AND Non- 
FILTERABLE TUMORS 


Tumor 16, derived from a chicken that 
received methylcholanthrene, is trans- 
missible only by cellular grafts, whereas 
all other tumors studied can be transmitted 
by cell-free agents. The metabolism of 
tumor 16 was of essentially the same 
order as that of the agent-induced tumors, 
and all the tumors (save possibly No. 12) 
possess highly characteristic, malignant 
tumor metabolism. Thus the agent may 
play a role in tumor genesis or transmis- 
sibility but a doubtful direct role in tumor 
metabolism. The finally formed tumor 
cells or tissues are quite different from 
normal cells in possessing their own char- 


acteristic metabolism, independent of the 
mode of origin or transmission. This 
observation contradicts the opinion that 
the virus-induced tumors are essentially 
normal cells driven to continuous multi- 
plication by intracellular ultramicroscopic 
parasites. Were this opinion correct, the 
cells of virus-induced tumors might be 
expected to behave like rapidly regenerat- 
ing normal cells. Our experience with 
hepatic tumors of rats (47, 48) shows that the 
metabolism of primary liver carcinomas 
induced by p-dimethylaminoazobenzene 
(butter yellow) differs markedly from that 
of liver cells rapidly regenerating as a 
consequence of surgical removal of 65 
percent of the liver (left and median 
lobes). 


Hisrotocic EXAMINATION 


The full significance of the desirability 
of close correlation of metabolic data 
with the microscopic appearance of the 
tumors, at least in a certain number of 
cases, was not fully realized until after this 
study had been completed. Thus there 
are not sufficient data to evaluate the 
metabolic significance of leukocytic, mono- 
cytic, and lymphocytic infiltration in the 
various tumors, the metabolism of avian 
blood cells being unknown, except by 
rough analogy. It is known that tumors 
are “‘infested’”” with monocytes (49) that 
are often not readily identified in the 
usual haematoxylin and eosin prepara- 
tions employed by us but are quite dis- 
tinct in sections stained according to 
Hortega’s silver carbonate technique. 

This study has led us to conclude that 
it is somewhat difficult to obtain an 
almost pure culture of malignant chicken 
tumor cells or tissues in slices of the size 
ordinarily employed in manometric studies. 
In spite of careful dissection, histologic 
check-up often showed a high percentage 
of microscopic impurity as areas of de- 
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generation, necrosis, leukocytic infiltra- 
tion, and surviving muscle. This empha- 
sizes the difficulty and desirability of at- 
tempting to obtain im vivo tumor material 
with a sufficiently high percentage (greater 
than 80-90 percent) of pure viable tumor 
of ordinary slice size, and points to the 
advantageous aspects of the Linderstrom- 
Lang technique that might be employed, 
whereby it might be possible to obtain a 
nearly perfect correlation between pure 
tissue metabolized and sectioned. Cer- 
tainly it would be desirable wherever 
possible to metabolize and section the 
same (and not aliquot) slices, regardless 
of amount of material employed in a 
given determination. This will frequently, 
as in the present investigation, not be 
possible, since necessary acidification of 
the tissue during manometric or chemical 
analysis precludes adequate histologic pro- 
cedure. Perhaps the substitution of for- 
malin for acid might 
difficulty upon occasion. 

Gross variations and atypical behavior 
in metabolism can often be explained on a 
morphologic basis. For example, the 
membranous form of the growth of tumor 


overcome _ this 


1 on the egg membrane, which was grossly 
regarded as a diffuse tumor infiltration, 
turned out to be edematous connective 
tissue containing but few tumor cells with 
large numbers of polymorphonuclear leu- 
kocytes, congested vessels, and _ slightly 
hyperplastic epithelium of the membrane. 
For another example, in studies made in 
association with J. Langdon Norris, an 
increase was noted in the anaerobic metab- 
olism of embryonal as compared with 
adult rat livers. However, microscopic 
examination showed the presence of large 
numbers of erythrogenic and leukogenic 
cells, well-known components of embryo- 
nal livers which in themselves almost cer- 
tainly account for the greatly increased 
anaerobic glycolysis, a matter which is 
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being investigated further. The hemato- 
poietic elements amounted in the extreme 
to some 80 percent of the tissue, and the 
anaerobic glycolysis of the liver was in- 
creased from Q*?, of 1 or less for normal 
liver to 6 to 8, which is approximately 
the value given by the nearest homologues 
studied, nucleated erythroid cells in the 
bone marrow of the rabbit (50), and ery- 
throid hyperplasia of chicken bone marrow 
induced by acetylphenylhydrazine. 

Differences in metabolic values of the 
different tumors may not be due in the 
main to differences in metabolism of the 
respective tumor cells. Sarcoma 16, pro- 
duced by methylcholanthrene, is com- 
posed of densely packed cells with little 
intercellular substance, while the sarcoma 
cells of strain 13 are widely separated by 
large amounts of intercellular substance. 
Likewise the amount of hemorrhage and 
necrosis present in tumors of different 
strains is to some extent characteristic for 
each strain, although there are consider- 
able individual 
strain. 

It is our opinion, in fact, that the metab- 
olism of pure tumor cells of all of the 
strains studied is, on a dry weight basis, 
probably even more alike than indicated 
in table 4, when appropriate corrections 
are made for incidental nontumor mate- 
rial. In drawing the latter generaliza- 
tion, it is necessary to point out that the 
water content of the chicken tumors is as 
in most tumors, a definite characteristic 
to be taken into consideration. As already 
noted, solid tumor 16, with the highest 
percent dry weight, shows, as compared 
with the other tumors, a relatively still 
greater metabolism (Q values) when cal- 
culations are made on a wet-weight basis. 
Conversely, the embryo-cultured tumor 1, 
with the lowest percent dry matter would 
have relatively still lower values on a wet- 
weight basis. 


variations within each 


The tumors in table 4 are 
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listed approximately in order of their 
percent dry weight, so that on a wet- 
weight basis the vertical spread of meta- 
bolic values would be somewhat widened, 
not narrowed. 

In considering the solidity or denseness 
of packing of a given tumor, it is im- 
portant to note that there may be only a 
moderate correlation between percent 
dry weight and intensity of staining or 
number of nuclei, since the unstained 
elements may contain a high percentage 
of dry matter. Nevertheless, one must 
not overlook the occasional desirability of 
thinking of Q values in terms of wet 
weight, number or size of nuclei, as well 
as other chemical criteria (nitrogen con- 
tent, nucleoprotein content). In our judg- 
ment, however, no criterion is so generally 
useful as the (initial) dry-weight basis. 


SUMMARY AND CONCLUSIONS 


An extensive survey has been made of 
the metabolism, standard Q values, and 
derived quotients of a wide variety of 
chicken tumors available in our labora- 
tories. The metabolism of this heretofore 
little studied class of tumors has been 
found to be characteristic of the metab- 
olism of malignant animal tumors gen- 
erally. The chicken tumors possess a 
high anaerobic and high aerobic lactic 
acid production, a respiratory quotient 
well below unity, a marked Pasteur effect, 
and approximate equivalence of mano- 
metrically and chemically determined lac- 
tic acid (except, however, for a slight aero- 
bic alactic acid production, Q%,,,4 being 
about 1). Thus the broad conceptions of 
Warburg and Dickens concerning the 
rather specific nature of malignant-tumor 
metabolism are strengthened in generality 
and extended to a class of tumors in par- 
ticular which represent, indeed, an upper 
limit of the generality. A summary table 
of grand averages, tumor by tumor, is 
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given for all of the metabolic data obtained 
in this study and also all of the previously 
reported, relatively scanty chicken tumor 
metabolism data available. 

In addition to the standard metabolic 
values determined, a number of miscella- 
neous variables were studied, including 
temperature, cyanide inhibition, initial 
and final dry-weight/wet-weight ratios, 
absence of glucose in the medium, prelim- 
inary anaerobiosis, and X-radiation. In 
confirmation and extension of certain pre- 
vious work, lactic acid was found to be 
utilized (by tumor 11) only very slowly 
under aerobic conditions, and not at all 
under anaerobic conditions (sensitivity, 
QOra=—0.3). The sources of error and 
variability in the different quantitative 
determinations are discussed at some 
length in relation to these and to metabo- 
lism studies generally. Considerable man- 
ometric miscellany is described, and de- 
tailed protocols are provided illustrating 
the use of the Summerson constant-vol- 
ume differential manometer in obtaining 
simultaneous aerobic measurements of 
total net acid production, lactic acid pro- 
duction, carbon dioxide production, oxy- 
gen consumption, and respiratory quo- 
tient on a given tissue-slice sample. 

Tumor 16, induced chemically with 
methylcholanthrene and never as_ yet 
transmitted by a filterable agent, was 
found to possess much the same metabolic 
characteristics as the filterable chicken 
tumors. Tumor 1 of Rous, grown on the 
chorioallantoic membrane of developing 
chick embryo, possessed much the same 
metabolism as when grown on chicks in 
the usual way, except that the aerobic 
(but not the anaerobic) glycolysis was 
lower and the respiratory quotient and 
rate were definitely higher. The metab- 
olism of all of the tumors, when cor- 
rected in the best’ manner evident, for 
incidental miscellaneous materials or im- 
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purities in the specimens metabolized,was 
quantitatively as well as qualitatively 
much alike. 

The Pasteur effect was as marked in 
the chicken tumors as in other malignant- 
tumor or nontumor glycolyzing tissues, 
The original “‘extent” theory of Warburg- 
without his later appended “‘effect” theory 
suffices to account quantitatively for the 
Pasteur effect in the chicken tumors, since 
the Meyerhof oxidation quotients are high 
(3 to 7, with the exception of the osteo- 
chondrosarcoma 12); the anaerobic gly- 
colysis values are so high relative to the 
respiration that the latter is unable to 
inhibit completely the glycolysis under 
aerobic conditions, even with extensive 
operation of the Pasteur effect (Meyerhof 
oxidation quotient = 6, whereby the aero- 
bic decrease in fermentation is six times the 
equivalent oxygen consumption). A com- 
mon view that the Pasteur effect is small 
in malignant tumors is thus as unfounded 
for the chicken tumors as has been indi- 
cated earlier (6) for malignant tumors 
generally. 


Brief histologic descriptions and photo- 
micrographs of the tumor material em- 
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ployed have been presented illustrating 
the unavoidable microscopic impurities to 
be found in tissue slices of the usual size. 
including intercellular, degenerating, or 
necrotic tissue, stroma, blood, muscle, 
leukocytes (monocytes, lymphocytes), etc.., 
that may comprise 10 to 50 percent of 
the gross tumor even after most carefui 
dissection away from supporting non- 
tumor tissue. Attempts to correlate th« 
metabolic values observed with the gross 
and microscopic appearance of the chicke: 
tumors and slices revealed that the prob- 
lem is very complex and that more 
thorough investigations along these lines. 
with tumors generally, are needed. Stud- 
ies with appropriate techniques on ma- 
terial very much smaller than the usua! 
slice size are highly desirable in order tw 
obtain data on essentially homogeneous 


cells. 


Grateful acknowledgment is made to Miss 
Betty Robinson and to Mrs. Janna Winzler fo: 
analytical aid in the lactic acid determinations. 
Dr. Harold L. Stewart and Dr. Jesse E. Edwards 
provided valuable help and criticism in the 
pathologic interpretation. Finally, to Prof. Vin- 
cent du Vigneaud we wish to express our appre- 
ciation for his vision, effort, and counsel that 
made this metabolic investigation possible. 
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Studies in Carcinogenesis. XVI. 


Pro- 


duction of Subcutaneous Tumors in 


Mice by 
Compounds’ 


Miscellaneous 


Polycyclic 


By M. J. SHEAR, principal biochemist, and JosEPH LEITER, assistant chemist, National Cancer 
Institute, National Institute of Health, United States Public Health Service 


Between 1934 and 1939 about 225 com- 
pounds were examined in this laboratory 
for carcinogenic potency in mice. In 
preceding papers of this series (7-6), the 
results obtained with groups of compounds 
closely related to 1, 2-benzanthracene, to 
1, 2, 5, 6-dibenzanthracene, to 3, 4- 
benzpyrene, or to 20-methylcholanthrene 
were recorded. This paper contains a 
summary of the results obtained with 45 
other compounds and completes the re- 
ports on the 225 compounds examined 
in these studies, with the exception of 
about 40 nitrogen-containing benzene 
derivatives. 

For the most part the compounds? were 
injected as in previous experiments, i. e., 
in the crystalline form moistened with 
glycerol for lubrication in the trocar. The 
properties of the new compounds employed 
in this work have been described in the 
papers from the cooperating laboratories 
of organic chemistry. Unless otherwise 
specified, only one injection was given, 
subcutaneously, in the left flank of inbred 


1 This work was carried out in the Office of Cancer 
nvestigations, United States Public Health Service, 
then located at the Harvard Medical School, and at 
the Wolcott Gibbs Memorial Laboratory, Harvard 
University. 

2 Unless otherwise designated, the compounds were 
synthesized by Fieser and coworkers as part of a co- 
operative project initiated by the United States Public 
Health Service in 1934. The preliminary results of 
these biological experiments were, in some instances, 
announced in the papers from the laboratories of Pro- 
fessor Fieser (Harvard University) and of Professor 
Newman (The Ohio State University) in the Journal 
of the American Chemical Society, which described the 
syntheses of these compounds. 


strains of mice obtained from the Roscoe 
B. Jackson Memorial Laboratory, Bar 
Harbor, Maine. To avoid repetition of 
the same statement for each experiment, 
it is pointed out here that 20 mice of the 
A strain, equally divided between the 
sexes, were used in each experiment. 
Statements regarding the number, sex, 
or strain of mice are given only in the 
experiments in which the procedure was 
varied. Solutions in lard, filtered at 38° 
C., were used in instances in which not 
enough of the compound was available 
for administration of the required amount 
in crystalline form or when low doses were 
desirved. The animals were usually about 
3 or 4 months old at the start of the ex- 
periments. They were fed a diet of Purina 
dog chow and tap water without limitation 
as in previous experiments. 

This paper records the presence or ab- 
sence of tumors induced at the site of 
injection. Mention is made of pulmonary 
tumors in those instances in which they 
appeared to be more numerous than in 
comparable untreated mice. The usage 
of the term “tumor” in referring to the 
growths reported in this paper is the same 
as that in a preceding paper (6). Patho- 
logic findings other than induced tumors 
at the site of injection or in the lungs are 
being reserved for a separate communica- 
tion. As before, the terms “negative 
mice” and “‘negative survivors” designate 
animals not bearing induced tumors. 

Since no tumors were produced with 
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most of the compounds reported here, 
the protocols are given in brief form. 
Because of the possibility, however, that 
under different experimental procedures 
some of these compounds may give rise 
to tumors, data on dosage and survival 
are recorded. 


COMPOUNDS RELATED TO 1,2- 
BENZANTHRACENE 


The 11 compounds in this group con- 
sisted of 1,2-benzanthracene and 10 re- 
lated compounds. Carcinogenic potency 
was exhibited by 3. 

1,2-Benzanthracene (fig. 1, formula I).—A\- 
though many derivatives of 1,2-benzanthra- 
cene have been found to be potent car- 
cinogens, the parent hydrocarbon itself 
was found by the London workers to be 
almost entirely devoid of potency; only 1 
epithelioma was obtained (7) in skin- 
painting experiments with 80 mice, and 
no tumors were obtained in an experiment, 
discontinued after a year, in which this 
compound had been injected subcutane- 
ously into 10 mice. As pointed out pre- 
viously (5), subcutaneous tumors were ob- 
tained in this laboratory with a number 
of hydrocarbons that had previously been 
reported as giving negative results with 
the skin-painting technique. Since com- 
parable long-term experiments with this 
compound were not found in the litera- 
ture, it was considered desirable to test its 
effect on subcutaneous tissue. Accord- 
ingly, 5 mg. was injected (October 24, 
1938) at the beginning of the experiment 
and again after 6 months. Ten mice sur- 
vived for 15 months. No tumors were 
obtained at the injection site by the time 
the last four mice died at the end of 18 
months, although the compound was still 
present in the subcutaneous tissue a year 
after the last injection. 

The lungs of 2 mice that died after a year 
contained 6 and 13 tumor nodules, re- 
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spectively. The maximum number o! 
lung nodules seen at autopsy in the othe: 
mice was 4. Andervont and Shimkin (8) 
obtained no increase of pulmonary tumor; 
in strain A mice in a short-term experi- 
ment with this compound introduced in- 
travenously. Boyland and Burrows (9) 
gave repeated subcutaneous injections of « 
colloidal aqueous preparation of 1,2-benz 
anthracene to 10 rats; no tumors wer 
obtained. This compound thus has al- 
most negligible potency. 

4-Methyl-1,2-benzanthracene (fig. 1, for- 
mula II).—The London group (7) had 
obtained negative results in a skin-painting 
experiment with the 4-methyl derivative 
of 1,2-benzanthracene. With the subcu- 
taneous-injection technique, however. 
rapid tumor production was obtained, as 
was mentioned in an earlier paper (3) in 
this series. 

Only 1 dose, of 2 mg., was injected 
(March 9, 1938). Ulceration developed 
at the injection site in several mice during 
the first 4 months. The first 3 tumors 
appeared at the end of 3 months; tumors 
appeared in 2 more mice in the fifth, and 
in 4 mice in the sixth month, at which 
time there were 10 negative survivors. 
Tumors were produced in 12 mice in 8 
months, and in a total of 15 of the 20 mice 
in 11 months. None of the 3 mice nega- 
tive at 11 months developed tumors by 
the time the experiment was terminated 
in the fourteenth month. The lungs were 
studded with numerous tumor nodules in 
1 mouse; in the other mice the number of 
pulmonary tumor nodules was not un- 
usual. 

4- Methyl-1' ,2’ 3’ 4’-tetrahydro-1,2-benz- 
anthracene (fig. 1, formula III]).—Two milli- 
grams of this compound was _ injected 
(March 9, 1938) as the first dose. A tumor 
was induced at the injection site in 1 
mouse in the seventh month. An addi- 
tional 5-mg. dose was injected after 8 
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Figure 1.—Compounds related to 1,2-benzanthracene. 


months and again after 13 months, at 
which times there were 17 and 11 negative 
survivors, respectively. No other tumors 
developed by the time the experiment was 
terminated in the fifteenth month. 


8-Methy!l-1,2-benzanthracene (fig. 1, for- 
mula IV).—Three milligrams of 8-methyl- 
1,2-benzanthracene was injected (July 
15, 1938) as the first dose, and 5 mg. was 
given after 3 and after 9 months. Seven- 
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teen mice lived for a year. No tumors 
developed at the injection site by the time 
the experiment was terminated by killing 
the 8 survivors in the seventeenth month. 
The injected compound was seen in the 
subcutaneous tissue of the 8 mice at au- 
topsy 7 months after the last injection. 
The lungs contained multiple tumor 
nodules with a maximum of 15 in 1 mouse, 
and an average of 5.5 per mouse. 

In a skin-painting experiment with 20 
mice, the London workers (7/0) obtained 
with this compound an epithelioma in a 
mouse that died after 682 days. 
I’-Methyl-1,2-benzanthracene (fig. 1, for- 
mula V).—A preliminary report of the 
negative results obtained with 1’-methyl-1, 
2-benzanthracene was given in an earlier 
paper (4) in discussing its structural rela- 
tionship to 3,4-benzpyrene. 

In this experiment, 5 mg. of the com- 
pound was injected* (July 13, 1937). 
No tumors were obtained although 12 of 
the mice survived for 15 months and 2 
were still alive when the experiment was 
terminated in the twenty-first month. 
This is in agreement with the negative 
results obtained by the London group 
(70) with this compound. 
4,9-Dimethyl-1,2-benzanthracene (fig. 1, for- 
mula VI).—One injection of 2 mg. was 
given (October 19, 1938). Ulceration at 
the site of injection developed in 8 of the 
20 mice during the first few months. A 
tumor appeared in 1 mouse at the end of 
the third month, in another in the fourth, 
and in 3 more in the fifth month. Tumors 
were induced in 9 of the mice in 7 months 
at which time there were 5 negative sur- 
vivors. None of these developed tumors 
by the time the last 4 mice were killed in 
the twelfth month. 

4,9-Dimethyl-1',2' -tetrahydro-1,2-benz- 


3 By Arnold M. Seligman, Harvard Medical School. 


anthracene (fig. 1, formula VII).—The 
first injection (March 9, 1938), which 
consisted of 2 mg., was followed 8 and 12 
months later by injections of 5 mg. each. 
Seventeen of the mice were alive at the 
end of a year. No tumors developed in 
any of the mice by the time the experiment 
was terminated in the sixteenth month. 

3,9-Dimethyl-1,2-benzanthracene (fig. 1, 
formula VIIT)—Two milligrams was in- 


jected (March 16, 1939). No induced 


tumors had appeared by the time the 
experiment was terminated in the thir- 
teenth month by killing the 10 survivors. 

The 9-methyl derivative, in this labora- 
tory, and the 3-methyl derivative, in 
London, had been found to produce sar- 
comas when injected subcutaneously into 
mice. Yet when both groups were intro- 
duced into the same molecule, the 3,9- 
dimethyl compound was found to be 
inactive. This is another instance in 
which a “summation effect” was not 
obtained (5). 

5-Aza-1,2-benzanthracene (fig. 1, formula 
1X).—Interesting results have been ob- 
tained in London with analogues of the 
carcinogenic hydrocarbons in which a 
nitrogen atom occupies the position of a 
ring carbon. Newer results and references 
to earlier findings are given in a recent 
paper (79). In these compounds the 
nitrogen is in the meso position. A group 
of compounds containing nitrogen in one 
of the end rings of structures related to 
1,2-benzanthracene. obtained by Dr. 
Voegtlin from Dr. Mosettig, of the Drug 
Addiction Laboratory of the National 
Research Council, has been examined in 
this laboratory. Analogous compounds 
are also being investigated by Fieser and 
Hershberg (77) whose nomenclature for 
such compounds is being followed here. 

Naptho(1,2-g)quinoline, synthesized by 
Mosettig and Krueger (72). may be con- 
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sidered an analogue of 1,2-benzanthracene 
with nitrogen replacing carbon at the 
5-position and may, accordingly, be desig- 
nated as 5-aza-1,2-benzanthracene. Two 
milligrams was given at the first injection 
(October 18, 1938), and 5 mg. was given 
6 months later. At this time there were 
19 survivors. An epidemic infection by 
Bacillus piliformis, however, brought this 
experiment to a close in the tenth month. 
No induced tumors were noted. 
3,4-Dihydro-5-aza-1,2-benzanthracene (fig. 1, 
formula X).—The 3, 4-dihvdro derivative 
of compound IX, designated as 5,6- 
dihydronaphtho(1,2-g)quinoline by Mos- 
ettig and Krueger (/2) who synthe- 
sized it, was injected in the same dosage 
and at the same times as the preceding 
compound. Thirteen mice lived for 9 
months; the six sickly survivors were 
killed in the twelfth month. No tumors 
were induced. 
4'-Aza-1,2-benzanthracene (fig. 1, formula 
X1).—The compound designated by earlier 
workers as B-anthraquinoline was renamed 
4’-aza-1,2-benzanthracene by Fieser and 
Hershberg (77) for ‘convenience in correl- 
ating heterocycles of this type with the 
hydrocarbons which they resemble.” 
Thirty mice of the C3H strain (20 males 
and 10 females) received (May 8, 1939) 
5 mg. of this compound * subcutaneously. 
The injection was repeated 3 months later. 
Twelve mice lived for 9 months. The 
experiment was terminated in the eleventh 
month by an epidemic infection. No 
tumors developed at the site of injection 
in any of the mice, and no gross renal 
tumors were noted although Sempronj 
and Morelli (7/4) reported having obtained 
tumors in the kidneys of 2 of 11 rats in 
11 months. Joseph (/5) obtained nega- 
tive results in mice with this compound, 
4 The specimen used was prepared by Dr. J. L. Hart- 
well according to Graebe’s method (13). After chromato- 


graphic absorption, the melting point was 172.9°-173.4° 
corrected. 


with both the skin-painting and subcu- 
taneous-injection techniques in experi- 
ments which did not go beyond 7 months. 


COMPOUNDS RELATED TO 3,4- 
BENZPHENANTHRENE 


In view of the interesting results ob- 
tained in Kennaway’s laboratory with 3,4- 
benzphenanthrene and with its 2-methyl 
derivative, six compounds of this type 
were examined for potency in addition to 
the 6,7-dimethyl derivative which had 
been found earlier (3) to give negative 
results. 

3,4-Benzphenanthrene (fig. 2, formula XII).— 
A specimen of 3,4-benzphenanthrene, syn- 
thesized by Newman and Joshel (/6), was 
injected (October 19, 1938) in a dose of 
2 mg. In the eighth month an epidemic 
infection broke out, and 8 mice were 
killed to prevent its spread to other mice. 
The experiment was terminated in the 
twelfth month when the last three sur- 
vivors were killed. No induced tumors 
were obtained. According to the London 
workers (/7), this compound produced 
skin tumors “after a prolonged latent 
period.” They (/0) obtained negative re- 
sults in 10 mice in which a solution of 
the hydrocarbon in sesame oil had been 
injected subcutaneously; by the same tech- 
nique a sarcoma was produced in 1 of 6 
rats in about 17 months. 

2- Methyl-3,d-benzphenathrene (hg. 2, formula 
NIIT).— According to the London workers 
(/7), the 2-methyl derivative of 3,4-benz- 
phenanthrene produced skin tumors so 
rapidly as to suggest “an activity ap- 
proaching that of methylcholanthrene.” 

However, by the subcutaneous-injection 
technique, negative results were obtained 
with a specimen synthesized by Newman 
and Joshel (/8). Two milligrams was 
given (October 19, 1938) at the first in- 
jection, and 1 mg. was given 3 months 
later. Fourteen mice lived for 9 months 
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Figure 2.—Compounds related to 3,4-benzphenanthrene. 


The animals began dying off rapidly in 
the tenth month, and the five negative 
survivors were killed in the twelfth month. 
No tumors were induced in this experi- 
ment, although with the skin-painting 
technique the London workers obtained 
tumors in 9 of 20 mice in 9 months and 
although in the subcutaneous-injection 
experiment of Andervont and Shimkin 
(8) tumors were obtained in 4 of 18 mice. 
The latter workers also found that it pos- 
sessed only weakly carcinogenic proper- 
ties for the lungs of strain A mice follow- 
ing subcutaneous or intravenous injection. 
These various experiments show that its 
potency does not approach that of 20- 
methylcholanthrene when administered 
subcutaneously or intravenously. 
2.9-Dimethyl-3,4-benzphenanthrene (fig. 2, 
formula XIV ).—The entire small specimen 
of 2,9-dimethy1-3,4-benzphenanthrene, 
synthesized by Newman and Joshel (7/6), 
was dissolved in lard filtrate in a concen- 
tration of 5 mg. per cubic centimeter. 


The injection of 0.2 cc., given at the start 
of the experiment (October 29, 1937), 
was repeated after 4 and after 5 months. 
There were 14, 10, and 5 survivors at 12, 
15, and 18 months, respectively. No 
tumors were induced by the time the 
experiment ended in the twentieth month. 

2,9-Diethyl-3,4-benzphenanthrene (fig. 2, for- 
mula XV).—Since only a small amount of 
the 2,9-diethyl derivative of 3,4-benz- 
phenanthrene, synthesized by Newman 
and Joshel (76), was available, it was in- 


jected (December 17, 1937) into only 10 


mice; the injection of 2 mg. was repeated 
4 months later. Seven of the ten mice 
survived for 9 months. The experiment 
was terminated after 11 months by an 
epidemic infection. No induced tumors 
were noted. 

5,6- Tetramethylene-1,2,3,4-tetrahydro-8,9- 
acephenanthrene (fig. 2, formula XVI).— 
This compound was injected (March 16, 
1937) into 10 C3H male mice in a dose 
of 5 mg., which was repeated after 6, 9 
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and 13 months. All of the mice were 
alive at the end of a year. No tumors 
were induced at the injection site in this 
‘xperiment which was terminated in the 
fifteenth month when the 7 survivors were 
illed. Hepatomas, probably spontane- 
jus in origin, were observed in 5 of these 
3H mice. 

4'-Aza-3,4-benzphenanthrene (fig. 2, formula 
\VII).—This  nitrogen-containing ana- 
:ogue of 3,4-benzphenanthrene, designated 
naphtho (1, 2-f) quinoline by Mosettig 
and Krueger (/2) who synthesized it, was 
siven (October 18, 1938) in a dose of 2 
mg.; 6 months later 5 mg. more was given. 
[welve mice lived for 7 months. No 
tumors had appeared by the time the ex- 
periment was terminated in the twelfth 
month by killing the 3 survivors. Joseph 
(15) obtained negative results with this 
compound, which he designated 3(N),4- 
pyridinophenanthrene, in skin-painting 
and subcutaneous-injection experiments in 
mice lasting about 7 months. 


COMPOUNDS RELATED TO 
PHENANTHRENE 


Nine compounds related to phenan- 
threne were examined for potency. 

2,3,?-Trimethylphenanthrene (fig. 3, formula 
trimethylphenanthrene with 
a melting point of 148°-149°, synthesized 
by Fieser and Holmes (79), in which the 
points of attachment of the 3-methyl 
groups, were still undetermined, was among 
the compounds examined for potency. 
Holmes (20) stated that it was possibly 
2,3,?-trimethylphenanthrene. The entire 
small specimen was dissolved in lard 
filtrate and injected (December 10, 1937) 
into 10 mice ina dose of 0.5 mg. contained 
in 0.25 cc. of lard. Six of the ten mice 
were alive at the end of a year. No in- 
duced tumors were noted by the time the 
last 4 survivors were killed in the seven- 
teenth month. 


3,4-Disodium phenanthrene dicarboxylate (fig. 
3, formula XIX).—The disodium salt of 3,4- 
phenanthrene dicarboxylate was injected 
(June 30, 1936) into 10 mice in a dose of 
10 mg. which was repeated 2 months 
later; another injection, of 5 mg., was given 
after 4 months. The 7 survivors were 
killed at the end of a year. No tumors had 
developed at the injection site, but in one 
of the mice killed at the end of the experi- 
ment a renal epithelial tumor was seen. 

Several additional experiments were 
therefore set up to ascertain whether renal 
tumors would again be obtained. The 
compound, in a dose of 10 mg., was in- 
jected (February 19, 1938) into 10 males 
and 10 females of the A strain, and into 
10 C3H males; 6 more injections, of 5 mg. 
each, of the crystalline compound were 
given during the first 2 months. Then the 
compound was given in the form of an 
aqueous solution, adjusted to neutrality, 
containing 5 mg. per cubic centimeter: 
60 injections of 1 or 2 mg. each were given 
during the next 7 months until a total of 
65 mg. was given in the form of an aqueous 
solution. Of these 30 mice, 12 survived 
for 9 months and 6 lived for a year. No 
gross tumors of the kidney or at the injec- 
tion site were observed in this experiment 
in which the last mouse died in the four- 
teenth month. 

In the third experiment five males and 
five females were given (October 8, 1938) 
an aqueous solution of this salt in lieu of 
drinking water. The solution contained 
0.33 mg. of the compound per cubic centi- 
meter and was neutralized with HCl. 
After a month 0.01 millimole phosphate 
per liter was added as buffer. The average 
intake of the compound was about 2 mg. 
per mouse per day. Seven of the ten mice 
lived for 9 months. The four survivors 
were killed at the end of a year. 
tumors were seen in the kidneys. 
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Ficure 3.—Compounds related to phenanthrene. 


drate (fig. 3, formula XX).—The monohy- 
drate of the free acid was injected (October 
22, 1938) in a dose of 5 mg. which was 
repeated after 3, 6, and 9 months. Sur- 
vivors at 9 and 12 months were 15 and 6, 
respectively. No induced tumors were 
seen by the time the last 2 mice were killed 
in the fourteenth month. 
3,4-Dicarbomethoxy phenanthrene (fig. 3, 
formula XXI).—The dimethyl ester was 
injected (October 24, 1938) into 20 male 
mice in a dose of 2 mg., and additional 
injections of 5 mg. each were given 3, 6, 


and 9 months later. 
lived for a year. No induced tumors had 
appeared by the time the 
ended in 14 months. 
|-Aza-phenanthrene (fig. 3, formula XXII). 

To bring out the relationship to phenan- 
threne, 5,6-benzoquinoline may be desig- 
nated as l-aza-phenanthrene. A commer- 
cial specimen, purified by Dr. J. L. Hart- 
well, with a melting point of 90.5°-91.5° 
corrected, was injected (May 19, 1939) 
into 30 C3H male mice in a dose of 2 mg. 
which was repeated after 3 months. After 
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9 and 12 months, there were 24 and 5 
survivors, respectively. No tumors were 
seen in the kidneys or in the subcutaneous 
tissue in this experiment which lasted into 
the seventeenth month. 

Phenanthrene-1,2-dicarboxylic anhydride ( fig. 
3, formula XXIII).—The anhydride of the 
1,2-dicarboxylic acid derivative of phe- 
nanthrene was injected (July 2, 1935) into 
12 mice in a dose of 10 mg. which was 
repeated after 2, 9, and 13 months. There 
were 11 and 5 survivors after 9 and 12 
months, respectively. The experiment 
lasted 18 months. No induced tumors 
were observed. 

3,4-Dihydrophenanthrene-1,2-dicarboxylic an- 
hydride ( fig. 3, formula XXIV).—The 3, 4- 
dibydro derivative cf compound XXIII 
was injected (July 2, 1935) into 21 mice 
in a dose of 10 mg.: 3 more injections of 10 
mg. each and 2 of 5 mg. each were given 
in the course cf this experiment which 
lasted 19 months. Fifteen of the mice 
lived for a year. No tumors were induced. 

2, 6- Dimethyl - 3, 4- naphthoquinone - 2, 3- di- 
methylbutadiene ( fig. 3, formula XXV).—This 
compound, which is a derivative of a tetra- 
methyl phenanthrene and which is related 
to compounds (2/) possessing estrogenic 
activity, was injected (September 19, 1935) 
into 20 female mice. The initial dose 
was 10 mg.; 2 other injections of 5 mg. each 
were given 3 and 6 months later. There 
were 18 and 13 survivors at 12 and 15 
months, respectively. No tumors were 
induced in this experiment which lasted 
for 20 months. 

A®- Dehydro-3, 4-trimethylene-isobenzanthrene- 
2( fig. 3, formula XXV1).—Five milligrams 
was injected (February 12, 1937) into 
10 strain M male mice; the injection was 
repeated after 5, 10, and 14 months. 
At the end of a year a sarcoma developed 
at the injection site in 1 animal, while the 
other 7 survivors were negative. In this 
experiment, which lasted for 17 months, 

425485 41-4 


tumors were obtained at the injection site 
in 6 of the 10 mice. 


COMPOUNDS RELATED TO PY- 
RENE, CHRYSENFE, TRI- 
PHENYLENE 


In addition to the previously reported 
compounds of these types, eight others 
were examined for potency. 

Pyrene (fig. 4, formula XXVII).—Pyrene, 
the parent hydrocarbon of 3, 4-benzpyrene, 
was injected (January 5, 1939) into 30 
mice in a dose of 10 mg., which was re- 
peated after 4 months. There were 23 
mice alive at the end of a year, 13 at 15 
months, and 9 at 18 months when the sur- 
vivors were killed. No malignant tumors 
were induced, which is in agreement with 
the results of the skin-painting experi- 
ments of Bloch (22) and of the London 
workers (7, 70). The average number of 
pulmonary tumors in the mice at 18 
months was only 1.6. 

1’-Aza-3,4-benzpyrene (fig. 4, formula 
NXAVIIT).—For ready comparison with 
3,4-benzpyrene, the compound 3(N), 
4-pyridinopyrene, synthesized by Voll- 
mann, Becker, Corell, and Streeck (23), 
may be designated 1’-aza-3,4-benzpyrene. 
These authors suggested that it might be 
of interest, in view of its structural rela- 
tionship to 3, 4-benzpyrene, to test it for 
carcinogenic potency. A sample of this 
compound, procured by Professor Fieser, 
was injected (October 18, 1938) in a dose 
of 2 mg., followed 6 months later by one 
of 5 mg. The experiment was brought to 
an end in the ninth month by an epidemic 
infection. No induced tumors were ob- 
served in this period. 

Chrysene (fig. 4, formula XXIX).—Chry- 
sene was injected (January 5, 1939) into 
30 mice in a dose of 10 mg., which was 
repeated after 4 months. There were 27 
and 13 survivors after 9 and 12 months, 
respectively. The experiment was ended 
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Figure 4.—Compounds related to pyrene, chrysene, and triphenylene. 


in the fifteenth month at which time 6 mice 
were still alive. No induced tumors were 
observed. No epitheliomas were obtained 
with this compound in the skin-painting 
experiments of the London workers (7, 77) 
or of Schiirch and Winterstein (24). 
Barry and Cook (25), upon injecting a lard 
solution of chrysene extracted from coal 
tar, obtained no tumors in mice but did 
obtain tumors in 4 of 10 rats. They 
raised the question as to whether their 
positive results and those previously re- 
ported from Twort’s laboratory were due 
to some impurity in the chrysene isolated 


from coal tar. It is also conceivable that 
the lard may have contributed to the 
induction of the subcutaneous tumors in 
the rats since the experiment of Barry and 
Cook with mice and that of Boyland and 
Burrows (9) with an aqueous dispersion of 
chrysene injected into rats were negative, 
and since the London workers (26) have 
shown that lard alone may induce sar- 
comas in rats. Similarly, the positive 
results with mice, obtained with chrysene 
in Twort’s laboratory, may have been due 
in large part to the oleic acid employed, 
particularly since Twort and Twort (27) 


ish 
ee 
q 
CH 
ita 
— 
if 
E 
4 


CARCINOGENICITY OF MISCELLANEOUS POLYCYCLIC COMPOUNDS 251 


have reported that oleic acid has a “‘sensi- 
tising” effect. In any case, neither in 
mice nor in rats have tumors been induced 
with synthetic chrysene. 

6-Methylchrysene (fig. 4, formula XXX).— 
Two milligrams of 6-methylchrysene, syn- 
thesized by Newman (28), was injected 
(October 18, 1938); the dose was repeated 
after 6 months. Ulceration at the injection 
site occurred in 3 of the 20 mice during the 
first few months. At 9 months, 15 of the 
mice were alive. A sarcoma developed at 
the injection site in 1 animal in the tenth 
month. The crystalline compound was 
seen in the interior of the tumor at autopsy. 
There were 9 survivors after a year, and 
the last mouse died in the sixteenth month. 
No other induced tumors were noted. 

1-Aza-chrysene (fig. 4, formula XXXI.)— 
A specimen of naptho(2,1-f)quinoline, here 
called 1-aza-chrysene, was obtained from 
Mosettig and Krueger (72). Two milli- 
grams was injected (October 18, 1938), 
and 5 mg. was given 6 months later. No 
induced tumors were noted by the time 
the seven survivors were killed in the 
twelfth month. 

1,8-Dimethylpicene ( fig.4, formulaXX X11) .— 
Two milligrams of 1,8-dimethylpicene, 
synthesized by Drake and Howard (29), 
of the University of Maryland, was given 
at the first injection (February 11, 1938), 
and 5 mg. was injected 9 months later. 
Only 10 mice were employed because of 
the small amount of material available. 
No induced tumors were observed by the 
time the 3 survivors were killed in the 
fourteenth month. 

1-Methyltriphenylene (fig. 4, formula 
XXXII) .—Five milligrams of 1-methyltri- 
phenylene was injected (January 9, 1939) 
at the start of the experiment, and again 
4 months later. At the end of 15 months 
the 12 survivors were killed. No induced 
tumors were observed. 

1,4-Dimethyliriphenylene (fig. 4, formula 


XXXIV).—One injection of 5 mg. was 
given (April 17, 1939). No induced 
tumors were noted in this experiment 
which was terminated in the fifteenth 
month when the 12 survivors were killed. 


INDOLE DERIVATIVES 


The literature * contains allegations that 
indole, a constituent of feces, possesses 
tumor-producing properties. Six com- 
pounds containing the indole structure 
were injected, including three hetero- 
auxins which act as plant growth hor- 
mones. 

Indole (fig. 5, formula XXXV).—A com- 
mercial sample of crystalline indole in a 
dose of about 10 mg. and 0.5 cc. of a 
5-percent solution of indole in lard filtrate 
proved lethal to mice. They tolerated 
0.25 cc. of a 1-percent solution which was 
injected (December 19, 1934) into 10 fe- 
male heterozygous albino mice and 12 
strain M mice. Twelve injections were 
given during a 2-year period; the total 
amount of indole given was 30 mg. for the 
longest lived mice. Eighteen mice lived 
a year, and 9 survived 18 months. The 
last mouse died in the twenty-fifth month. 
No induced tumors were seen. 

Skatole (fig. 5, formula XX XV1).—Skatole, 
another fecal constituent, has been re- 
ported (37, 32) as acting like a growth- 
promoting hormone in plants. A com- 
mercial sample, in a dose of about 10 mg., 
proved lethal when the crystals were 
moistened with either glycerol or lard 
filtrate or were introduced without ve- 
hicle. The mice tolerated 0.25 cc. of a 
5-percent solution in lard filtrate. The 
first injection (January 11, 1935) was 
followed by 12 injections over a period 
of 22 months; the total amount which the 
longest lived mouse received was about 
160 mg. Female mice were employed in 


5 Hartwell (30) has summarized the literature on 
indole. 
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Ficure 5.—Indole derivatives and miscellaneous compounds. 


this experiment; 8 were of the dba strain 
and 20 were heterozygous albinos. Fif- 
teen survived for 1 year and 10 for 18 
months. The last 2 survivors were killed 
in the twenty-sixth month. No induced 
tumors were observed. 


Indole-3-acetic acid (fig. 5,formulaXX XVI) 
A commercial sample of this heteroauxin 
was injected (August 25, 1936) into 20 
female dba mice in a dose of 10 mg. 
During the course of 14 months 21 injec- 
tions totaling 175 mg. were given. Four- 
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teen mice survived for a year, and 7 for 
18 months. The experiment was termi- 
nated in the nineteenth month. No in- 
duced tumors were obtained. 

B-(Indole-3)-propionic acid (fig. 5 formula 
XXXVIII).—A commercial sample of this 
heteroauxin was injected (August 25, 
1936) into male mice in a dose of 10 ing. 
The number of injections and dosage were 
the same as for compound XXXVII. At 
10 months 19 mice were alive, but during 
the eleventh month 10 of them died or 
were killed because of an epidemic infec- 
tion. Four survived for 18 months. The 
experiment ended in the nineteenth month 
No induced tumors were observed. 

y-(Indole-3)n-buiyric acid (fig. 5, formula 
XXXIX).—A commercial sample of the 
third heteroauxin was injected (August 
25, 1936) into 20 female dba mice in the 
same number and size of doses as with the 
two preceding compounds. Ten of the 
mice survived for a year, and 4 were alive 
when the experiment was terminated after 
16 months. No induced tumors were 
observed. 

Carbazole (fig. 5, formula XL).—About 10 
mg. of carbazole was injected (October 
26, 1935) into 10 male mice. Five addi- 
tional injections were given during the 
course of this experiment in which a total 
of about 60 mg. was injected. All 10 of 
the mice lived for a vear, and 7 lived for 
15 months. The 4 survivors were killed in 
the nineteenth month. No induced tumors 
were obtained, which is in agreement with 
the negative results reported by Kenna- 
way (33) and by Schiirch and Winter- 
stein (24) in skin-painting experiments 
lasting 9 months. Although Maisin and 
coworkers (3/) obtained a sebaceous car- 
cinoma in 1 of 30 mice painted with this 
compound, they stated that their speci- 
men was not pure; moreover, they used 
lanolin as a vehicle for the carbazole. 
Thus far there is no clean-cut evidence 


that carbazole possesses carcinogenic po- 
tency. 


MISCELLANEOUS COMPOUNDS 


Allantoin (fig. 5, formula XLI).—Because 
of the reported effect of allantoin on 
wound healing (35), it was tested for car- 
cinogenic potency. Ten milligrams of a 
commercial specimen was injected (June 
30, 1936) into 20 strain A and 3 dba male 
mice. Nineteen injections totaling 180 
mg. were given in the course of 15 months. 
Seventeen mice lived for a year, and 7 
lived for 15 months. The 2 survivors 
were killed at 18 months. No induced 
tumors were seen. 

Urea (fig. 5, formula XLII).—Since urea is 
a component part of the allantoin mole- 
cule, it was injected (August 24, 1936) into 
20 strain A and 10 C57 Black male mice. 
The initial dose of 10 mg. was progressively 
increased to a level of 50 mg. Repeated 
injections were given over a period of 11 
months until a total of 800 mg. was given. 
Nineteen mice lived a year, and 5 survivors 
were killed after 15 months. No induced 
tumors were observed. 

2,6-Dimethyl-1,4-naphthoquinone-2,3-dimethyl 
butadiene (fig. 5, formula XLIII).—Ten 
milligrams was injected (September 19, 
1935) into 22 female mice, and the in- 


jection was repeated 3 times during the 


next 8 months. Thirteen of the mice were 
still alive when the experiment was termi- 
nated after 18 months. No 
tumors were observed. 
Cystine—In view of Hammett’s state- 
ments (36) that cystine and reiated sulfur- 
containing compounds play an important 
role in proliferation, and therefore in ma- 
lignant growth, a commercial sample of 
l-cystine was injected (December 13,1934) 
into 33 mice, consisting of 7 dba males, 
14 heterozygous albinos (males and fe- 
males). and 12 strain A females. Eleven 
injections totaling about 110 meg. were 
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given over a period of 10 months. Fifteen 
mice lived a year, and 8 lived 18 months. 
The experiment was terminated after 22 
months. No induced tumors were ob- 
tained. 

Stlica.—As a further check on the rela- 
tionship of nonspecific “‘chronic irritation” 
to tumor genesis, 10 mg. of powdered 
silica, suspended in 0.25 cc. of a 0.9-per- 
cent solution of NaCl, was injected (Jan- 
uary 16, 1937) intraperitoneally into 20 
male C57 Black mice, and the injection 
repeated 5 months later. Nineteen mice 
lived a year, and 10 were alive when the 
experiment was terminated after 15 
months. No induced tumors were ob- 
tained. 


DISCUSSION 


The 45 compounds reported in_ this 
paper, injected into about 1,000 mice, 
gave negative results in most instances. 
Tumors were induced by only 5. To- 
gether with the results published pre- 
viously from this laboratory, a total of 181 
compounds was examined; of these, 60 
exhibited carcinogenic potency. 

In bringing to a close in this laboratory, 
for the time being at least, the investiga- 
tion of the carcinogenic potency of groups 
of polycyclic compounds related more or 
less closely to 1,2-benzanthracene, it may 
be useful to survey the findings from this 
and other laboratories and to consider 
some of their implications. 

First of all, it is desirable to bear in mind 
that the statement to the effect that given 
compounds are noncarcinogenic does not 
necessarily mean that they are incapable 
of inducing malignant tumors; it means 
only that the compounds did not give 
rise to tumors under the conditions of 
certain experiments of restricted scope. 
For example, the hundreds of such com- 
pounds examined for potency in Kenna- 
way’s laboratory in London and in this 


laboratory have, with few exceptions, been 
tested in mice only. The small number 
which were tested in several species of 
animals have given results which make 
clear that there are pronounced differences 
in the response of different species to the 
action of compounds carcinogenic in the 
case of the mouse. Moreover, there is evi- 
dence that some compounds which wer 
negative in the mouse can 
tumors in other species (30). 

Furthermore, in the mouse itself, it i: 
now abundantly evident that different 
tissues respond differently to the samc 
compound. Some compounds have given 
negative results when applied to the skin 
but have been quite active when injected 
subcutaneously. With other compounds 
both techniques have given positive results 
but have brought out pronounced differ- 
ences in the response of the skin and of the 
subcutaneous tissue. Compounds that are 
potent for the skin and subcutaneous tissue 
were found to be inactive when introduced 
directly into the liver (37). The suscepti- 
bility of the lungs (8) does not necessarily 
parallel that of the skin or the subcutaneous 
tissue. 

The mode of administration may also 
influence the results markedly. The dose 
may be too high as well as too low, and 
the most effective dose for one compound 
is not necessarily the same as that for 
another closely related one. The solvent 
or vehicle may affect the results pro- 
foundly. Media of complex nature, such 
as lard or sesame oil, may contain anti- 
carcinogens or co-carcinogens (38), and 
even chemically homogeneous vehicles 
may give different results (39) with the 
same dose of the same carcinogen ad- 
ministered to the same tissue of the mouse. 

Moreover, the sex of the animal is not 
without influence on the results (38, 40). 
It is also conceivable that the life span of 
the mouse is a factor. 
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pounds which were negative during the 
first year gave rise to tumors during the 
second year of the experiment, it is possible 
that some compounds which gave negative 
results in the mouse might give positive 
results if its life span were longer. Diet, 
too, may be an important factor (47). 

For these various reasons the considera- 
tions, stated in an earlier paper (3) in a 
discussion of the concept ‘‘average time” 
of the latent period of carcinogens, are 
also applicable here, viz, the term ‘‘car- 
cinogenic potency”’ as used in these studies 
is not to be considered as an invariable 
property inherent in a compound but 
is merely a summary of the results of 
particular experiments and is valid only 
for animals of the species, strain, sex, age, 
diet, etc., of the particular animal em- 
ployed, as well as for the dose, menstruum, 
mode and site of application, etc., of the 
compound in question. Thus, the com- 
pounds examined by the London group 
were usually applied to the skin of hetero- 
zygous mice in the form of a 0.3-percent 
solution in benzene; in this laboratory the 
compounds were usually injected sub- 
cutaneously into strain A mice in doses of 
1 to 10 mg. of the crystalline compound. 
Conclusions regarding the potency of any 
given compounds should therefore be 
interpreted in the light of the data upon 
which they are based. 

On the other hand, these restrictions of 
interpretation do not mean that there is 
no specificity of action and that every sub- 
stance can be shown to be carcinogenic 
when the right conditions are present. 
Quite the contrary. The findings show 
clearly that under given experimental 
conditions there are most marked differ- 
ences in potency exhibited by compounds 
of very closely related structures. The 
fact that compounds of types other than 
the polycyclic compounds are also capable 
of inducing tumors does not detract from 


the specificity existing among compounds 
of the latter category. In fact, an entirely 
analogous specificity is shown by closely 
related compounds of the type of 2-amino- 
5-azotoluene (42, 43). 

In one sense, this line of inquiry has been 
disappointing. It is true that it has 
yielded results which have been, and still 
are useful in the study of many aspects of 
experimental cancer. It has _ provided 
tools which are being put to many uses, 
but it has not realized the hope held, per- 
haps overoptimistically, in some quarters 
that it would shed light on the genesis of 
spontaneous tumors. 

It has, indeed, clarified the problem of 
the genesis of certain types of occupa- 
tional neoplasms, but it has left still unan- 
swered the question of the origin of other 
human tumors. For one thing, the fact 
that so many compounds possess carcino- 
genic potency has been disappointing to 
some. Perhaps it would have been simpler 
if all the compounds had proven negative 
except one. But inasmuch as cancer may 
be considered not a single disease but a 
group of disorders with some common 
characteristics, it might be more reason- 
able to expect that a considerable number 
of agents might incite these various types 
of malignant growths rather than to 
expect that a single compound would be 
the cause of all neoplasms. 

Apart from the matter of the multi- 
plicity of the potent compounds is the 
question of the relationship, if any, of 
such compounds to those that may be re- 
sponsible for the genesis of spontaneous 
tumors. At the present time, the only 
naturally occurring compounds which 
have been proven to be capable of giving 
rise to tumors when administered to ap- 
propriate animals, are the female sex hor- 
mones. As is now well known, certain of 
the synthetic carcinogens bear interesting 
structural relationships to these sex hor- 
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mones. It is still an open question, how- 
ever, as to whether malignant tumors 
may be induced by other compounds of 
biologic origin. The present situation re- 
garding desoxycholic acid has been dis- 
cussed in a recent paper (6). The reported 
production of tumors by body fluids and 
tissue extracts is of great interest in this 
connection, but no information is as yet 
available as to the identity of the com- 
pounds responsible. 

The investigations on the relationship of 
chemical structure to carcinogenic potency 
in the case of the synthetic carcinogens 
have, however, given strong support to 
the hypothesis that chemical compounds 
may be responsible for initiating spon- 
taneous tumors. This working hypothesis 
is being employed in many current ap- 
proaches to this problem. For one thing, 
extracts of body tissues and of body fluids 
are being examined for carcinogenic 
potency; the results reported by Schabad 
(44) and subsequent workers have given 
added impetus to this approach. On the 
synthetic side, compounds more closely 
related to biologically occurring polycyclic 
compounds than are the derivatives of the 
benzanthracene hydrocarbons are being 
synthesized and examined. In this con- 
nection, attention is being paid to partially 
hydrogenated derivatives and to those with 
polar substituents such as occur in biologic 
compounds. Although such derivatives of 
the benzanthracene type have been nega- 
tive for the most part, we have found a 
number of them to possess activity. If 
there are biologically occurring compounds 
with carcinogenic potency, they might 
perhaps be expected to be partially hydro- 
genated and to have polar substituents 
rather than to be completely aromatic 
hydrocarbons. Some work along these 
two lines is now in progress here, in 
cooperation with chemists at several 
universities. 


Another possibility is the oral intro™ 
duction ef carcinogens inadvertently con- 
tained in the diet. The claims of Rown- 
tree and his associates (45) and of Roffo 
(46) have not been substantiated to date. 
Nevertheless, this hypothesis is still suffi- 
ciently attractive to warrant further in- 
vestigation. 

The production of experimental tumors 
by exposure of animals to ultraviolet light 
and to sunlight is another approach which 
is being actively studied in several labora- 
tories. Here, too, the hypothesis of a 
chemical carcinogen is fruitful in suggest- 
ing further experiments. Irradiation in 
vitro of skin, skin lipoids,® and skin secre- 
tions, and subsequent testing of the 
irradiated materials may reveal the pres- 
ence of a carcinogen derived from a 
biologic precursor. The initiation of 
tumors by X-radiation and by radioactive 
materials may also involve the production 
of a chemical carcinogen, or, alternatively, 
may be a consequence of a direct effect on 
some cell structure or cell mechanism. 

Even if chemical carcinogens should be 
found to be responsible for originating 
spontaneous tumors, this would throw 
light only upon what has been termed the 
“causal genesis” (47); the mechanisms of 
the ‘‘formal genesis” would still have to 
be elucidated. 


SUMMARY 


Concluding the reports of the studies in 
this laboratory of the relationship between 
chemical structure of polycyclic com- 
pounds and the capacity to induce tumors 
at the site of injection, this paper gives 
data on 45 compounds injected into about 
1,000 mice, chiefly strain A. Five of these 


6 Preliminary experiments (M. J. Shear and J. W. 
Schereschewsky, unpublished work, 1936) gave negative 
results, but further exploration of this hypothesis appears 
warranted. 
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compounds produced tumors at the site of 
injection. 

A total of 181 compounds has been 
examined, and 60 of them have been 
found to exhibit carcinogenic potency. 

The bearing of these findings on the 


problem of the genesis of spontaneous 
tumors is discussed. 


@ 
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Quantitative Induction of Tumors in 
Mice With Ultraviolet Radiation 


By Haro.p F. senior pharmacologist, JouN S. Kirpy—Smiru, assistant physicist, and 
Hucu G. Grapy, acting assistant surgeon, National Cancer Institute, National Institute of 


Health, United States Public Health Service 


So many investigators have produced 
neoplasms with ultraviolet radiation that 
there can be no question of the efficacy 
of this agent in carcinogenesis. Only 
Rusch, Kline, and Baumann (7), however, 
have made quantitative estimates of the 
incident radiation required. Their studies 
have provided a starting point for 
our attempt to quantitate further such 
measurements. 

The method herein described has been 
developed to meet the need for repro- 
ducible quantitative measurements. Be- 
fore discussing the details of the method, 
certain general problems confronting the 
control and measurement of radiation 
for such experiments need consideration. 


GENERAL CONSIDERATIONS WITH 
REGARD TO MEASUREMENT OF 
RADIATION 


While it would be desirable to expose 
the animals to monochromatic radiation, 
this is not feasible because of the difficulty 
of obtaining monochromatic radiation of 
the required intensity over an area as 
large as a single mouse, let alone the 
numbers required for statistical treatment. 
(See p. 265.) Use of restricted spectral 
regions obtained by means of filters should 
be possible when certain basic information 
is available. (See p. 266.) For many pur- 
poses, however, sources of radiation which 
emit a high proportion of those wave- 
lengths known to be active in cancer pro- 
duction may be satisfactorily employed. 
The action spectrum has been shown by 
Roffo (2), Funding, Henriques, and Rek- 
ling (3), and Rusch, Kline, and Baumann 


(7) to include only wavelengths shorter 
than about 3200A (cf. Blum (4) for a 
summary of the evidence '), and these are 
conveniently supplied by the mercury arc. 
Numerous investigators have suggested 
the participation of other wavelengths (or 
mechanisms which demand the participa- 
tion of other wavelengths), but the above- 
mentioned studies show clearly that only 
those shorter than 3200A are obligatory, 
and that longer wavelengths probably do 
not affect carcinogenesis. From the ex- 
perimental standpoint this is fortunate, 
since the sources available, among which 
the mercury arc is most satisfactory, all 
emit a considerable amount of energy 
outside the spectral range desired, and 
there is no satisfactory method for remov- 
ing such radiation by means of filters. 

For continuous measurement of radia- 
tion, a photocell is most satisfactory. 
Such an instrument is not uniformly sensi- 
tive throughout the spectrum. The ti- 
tanium cell used in these studies is sensi- 
tive only to wavelengths shorter than 
3150A which makes it particularly valua- 
ble for our purpose, since these are the 
wavelengths that induce tumors. The 
spectral sensitivity of this cell is shown in 
figure 1 together with the intensities of the 
various lines of a mercury arc. When this 
type of source is used, only the 3130A line 
and those of shorter wavelengths affect the 
photocell. 

In estimating the intensity of the radia- 


1 The paper of Funding et al. was not available at 
the time of publication of this review but has since been 
examined. Their data agree completely with the analy- 
sis there presented. 
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Figure 1.—Spectral sensitivity of photocell, spec- 
tral distribution, and intensities of lines of 
mercury arc. 


tion it is necessary to weight each line ac- 
cording to the sensitivity of the cell for 
that particular line. Thus it is important 
that the intensity of the various lines with 
reference to each other does not change 
appreciably under the conditions of oper- 
ation of the arc. The type of mercury arc 
used in these studies is particularly stable 
in this respect. 


PHYSICAL MEASUREMENTS 
GENERAL ASSEMBLY 


The general assembly of the apparatus 
is shown in figure 2._ The mercury arc, L, 
which serves as a source of ultraviolet 
radiation is mounted in a metal housing 
equipped with a semiparabolic aluminum 
reflector. The animals to be irradiated 
are placed upon a slowly revolving turn- 
table at 7. Continuous movement of the 
animals in the radiation field is necessary 
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to insure uniform exposure, as a 20-per- 
cent variation in intensity over the area 
occupied by the animals is introduced due 
to the geometry of source and reflector. 
Since it is not feasible to operate the photo- 
cell used for controlling the dosage of 
radiant energy at the position of the ani- 
mals, it is mounted above the lamp at a 
fixed position, P, where it receives a sam- 
ple beam through an opening in the re- 
flector and housing. The ratio of the 
intensity at P to the intensity at 7 is de- 
termined by calibration described below. 
The measured intensity at P multiplied by 
this ratio gives the intensity incident at 7. 

The entire apparatus is mounted in a 
metal cabinet equipped with forced ven- 
tilation in order to remove noxious gases 
produced by the lamp, and to prevent 
rise in temperature. 


Figure 2.—Apparatus for exposing mice to mer- 
cury-are radiation. The arc itself is hidden in 
the metal housing at L. The photocell is en- 
closed in the box at P. The turntable carrying 
the mice is at 7. 
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Licut SouRcE 


The light source is a standard, commer- 
cial, therapeutic-type, intermediate-pres- 
sure * mercury arc in quartz (5). The 
relative intensities of the various lines are 
shown in figure 1. Spectra of this source 
measured * at intervals during the course 
of the experiments have shown that it is 
stable as regards the relative intensity of 
the lines. Total output fluctuates with 
line voltage, temperature, aging, etc.; but 
the only factor which could affect the dos- 
age measurements is a change in relative 
intensity of the lines, and such has not oc- 
curred under our operating conditions. 


PHOTOCELL AND RECORDER 


The instrument for radiant-energy meas- 
urement is an integrating photoelectric 
meter developed by Kuper, Brackett, and 
Eicher (6). The photosensitive element in 
this device is a photocell which is so ar- 
ranged that when a given quantity of en- 
ergy falls upon the photocell an electrical 
pulse activates a counting device. Thus 
each pulse recorded by the counter repre- 
sents a given quantity of radiant energy. 
Energy is immediately expressed in terms 
of the number of pulses counted and inten- 
sity in terms of the rate of pulses. With 
such a device properly calibrated in ergs of 
radiant energy per pulse, the dosage and 
intensity * are at once available in physical 
units. Furthermore, since the instrument 
is of the integrating type, fluctuations and 


2 This term is used here to distinguish this type of 
arc, which operates at about atmospheric pressure of 
mercury vapor from arcs which operate at much higher 
or much lower pressure and whose emission spectra are 
quite different. 

3 For this purpose a large quartz double monochromator 
of recording type was used. This instrument was de- 
signed by Dr. F. S. Brackett and developed cooperatively 
by the Washington Biophysical Institute and the National 
Bureau of Standards. It will be described elsewhere in 
the near future. 

4 Intensity is energy per unit area per unit time, e. g., 
ergs/cm.2/sec. Dosage is intensity time, e. &., 
ergs/em.. 


changes in the intensity of radiation inci- 
dent on the animals due to line-voltage 
variations, temperature effects, solariza- 
tion of the quartz envelope, and slow aging 
with diminution of over-all ultraviolet out- 
put of the are are properly taken into ac- 
count so far as dosage is concerned. 


CALIBRATION OF PHOTOCELL AND MEAs- 
UREMENT OF INTENSITY 


The titanium photocell was initially cali- 
brated against a standard photocell, which 
in turn had been standardized against a 
thermocouple. A large quartz double 
monochromator *° was used in the calibra- 
tion to insure monochromatic radiation of 
high purity. The spectral sensitivity is 
shown in figure 1. 

For calibration in absolute units a pre- 
viously calibrated low-pressure mercury 
are was used. Such a source emits vir- 
tually no radiation to which the photocell 
is sensitive other than the 2537A line and 
hence may be considered a monochro- 
matic source. By exposing the photocell 
to this source it was possible to determine 
the quantity of radiant energy of 2537A in 
ergs per cm.” per pulse of the photocell 
recorder. 

However, since the photocell is not 
equally sensitive to all wavelengths. this 
calibration is only valid for 2537A. The 
energy per pulse when the photocell is 
used to measure the radiation emitted by 
the lamps employed in these experiments 
must be calculated from the relative in- 
tensities of the emitted lines and the sensi- 
tivity of the photocell to the corresponding 
wavelengths. The method is best ex- 
plained by a sample calculation which is 
summarized in table 1. For simplicity 
only three lines are considered in the table, 
namely, 3020A, 3650A, and 2537A: the 
method is the same for the 20 lines that are 


5 See footnote 3. 
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Tasre 1.—Method of calculating absolute energies recorded by the photocell ' 


Absolute | 


| 
elative elative elative igen | sensitivity of |Ergs/em.?/count 
Relati Relati Relati itivity of | Ergs/em./ 
Wavelencth intensity sensitivity | response by dus to each | photocelland | due to each 
of lines of photocell | photocell? | yovolength | counter wavelength # 

ergs/em.2/count | 

| 
3020A __- 1.5 2 3 15 1, 200 | 180 
2650A. 1.0 7 7 | 35 340 119 
287A....- 1. 25 | 8 | 10 | 50 | 300 150 


'! The values are not actual, but assumed for purposes of illustration. 


? Column 2 times column 3. 

> Column 5 times column 6. 
actually encountered. The product of the 
relative intensity of a given line (column 2) 
and the relative sensitivity of the photocell 
for that wavelength (column 3), both ob- 
tained from the initial calibration data, 
gives an index of the relative response of 
the photocell (column 4). The sum of the 
relative responses for all the lines is taken 
as 100 percent, and the percent of each 
pulse contributed by each wavelength is 
calculated (column 5). The values in 
column 6 are obtained by multiplying the 
absolute calibration value for 2537A by 
the sensitivity of the photocell for the 
given wavelength relative to its sensitivity 
at 2537A. These values represent the 
absolute sensitivity of the cell for the 
various wavelengths. When multiplied 
by the corresponding contributed per- 
centage (column 5), the number of ergs 
per cm.’ contributed per pulse by each 
wavelength is obtained (column 7). The 
sum of these values gives the total energy 
in ergs per cm.’ represented by one pulse 
of the photocell recorder when exposed to 
this particular source. 

In order to obtain the total incident 
intensity, the total of column 7 should be 
multiplied by the number of pulses re- 
corded per second when the photocell is 
placed in the position of the animals. 
In principle, the latter measurement is 
quite simple. The photocell unit of the 
photoelectric meter is placed at the position 
of the animals, a reading taken of the 


number of pulses per unit time, and the 
cell is then placed in its fixed integrating 
position in the sample beam above the 
lamp and the number of pulses per unit 
time again determined. The ratio of the 
rate of pulses for the position of the animals 
to that for the operating position is thus 
obtained. It must be noted that the 
sample beam should originate from a large 
enough area of the source to insure that 
local changes in the surface of the quartz 
enclosure envelope do not affect this 
ratio. 

In practice, several complicating factors 
are encountered. Due to the nonuni- 
formity of the radiation field, the cell 
cannot be placed at any one position dur- 
ing the measurement but must move 
through the field on the revolving turn- 
table in order that the average intensity 
to which the animals are exposed can be 
measured. Also, the cell and recorder are 
far too sensitive to permit direct readings 
at the position of the animals, and some 
method for reducing the incident intensity 
to only a few percent of its actual value is 
necessary. For this purpose a screen was 
made by drilling small holes in a piece of 
1-mil brass foil. Its transmission was 1.8 
percent; it showed no appreciable change 
in transmission with respect to angle until 
the angle of incidence exceeded 45°, a 
value not reached in the positions 
employed. 

Another factor which must be consid- 
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ered is the angle of incidence of the beam 
on the photocell itself. Even with no 
screen the angular acceptance of the pho- 
tocell is somewhat limited due to its 
geometry. However, with the present 
arrangement this factor is not important 
unless lamp and reflectorare within 50 
cm. of the position of the animals. This 
has occurred in none of our experiments. 


VARIATION OF INTENSITY AND DosAGE 
CoNnTROL 


In a number of the present experiments 
it has been necessary to fix dosage at a 
constant value and to vary the intensity 
and duration of the exposure. Intensity 
control has been accomplished in most 
instances by the use of calibrated wire 
screens placed between the source and 
the animals; in a few experiments subse- 
quent to those described in this paper, 
the intensity was also varied by changing 
the distance between lamp and animals. 

In addition to these controlled varia- 
tions, the slow aging of the lamp introduces 
a diminution of intensity which must be 
taken into consideration. Although the 
integrating counter keeps the dosage con- 
stant no matter how much the lamp falls 
off in intensity, it has been desirable to 
keep the basic intensities as fixed and 
constant as possible, and this has been 
accomplished in our later experiments by 
lowering the source as the lamp ages. 
Thus the incident intensity can be ad- 
justed to its original value from time to 
time. 


INDUCTION OF TUMORS 
ANIMALS 


In order to avoid as many variables as 
possible, one sex of a genetically pure 
strain of mice was used. The mice were 
males of the albino strain A, supplied by 
the Roscoe B. Jackson Memorial Labora- 


tory. They were approximately 6 weeks 
old when received and 2 to 3 months old 
when first irradiated. 

The mice were fed Purina fox chow. 
They grew well, as a rule; but there was 
slower growth in irradiated animals, the 
inhibition of growth being greater with 
greater doses of radiation. 


IRRADIATION 


Seven series of mice were irradiated in 
this first set of experiments, there being 
26 animals in each series at the start. 
They were irradiated 5 times weekly— 
each day except Saturday and Sunday. 
A few isolated days were missed from this 
schedule, 9 in all, in the course of 1 year. 
Irradiation of series A, B, C, and D began 
in July, and of F, G, and H in August 
1940. 

The dosages and intensities of radiation 
were different for each series; they are 
listed in table 2. The dosages were deter- 
mined as described above by the number 
of pulses from the photocell recorded by 
the integrating counter, the irradiation 
being terminated when the required num- 
ber of pulses had been recorded. Thus 
the total dosage given is not affected by 
differences in intensity, which reflect dif- 
ferences in operating conditions of the 
lamp and which alter the rate of the pulses 
and hence the duration of the irradiation 
period. The relative dosages received by 


Tasie 2.—Incident intensities and dosages of radia- 
tion of wavelength 3130A and shorter 


| Days |_ , 
Average Total 
Daily dose | 
Series ergs/ | percent, 
em.2/day em.2/sec. | ergs/em.2 
8.61107 __. 4.3X10'__ (166), (10.2 109). 
| 3.29X107___ 155 | 3.610%. 
F. ----| 3.36X107__...| 4.3104__. 135 | 3.210" 
©........) 97X 104 143 | 2.0X10" 
G_ 1.98107 _. 147 2.1X10". 
-758X107__. 37 X 324 | 1.76X10° 
| .776X107___. | 4.3X104__. 290 | 1.60 10%. 
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the various series of animals were accu- 
rately measured, even though the inten- 
sity varied considerably from time to time 
due to fluctuations of the arc. In the 
earlier part of this experiment the intensi- 
ties, and hence the durations of the irradia- 
tion periods, varied as much as +25 per- 
cent from the mean. The intensity was 
controlled within much narrower limits in 
the latter part of this and subsequent ex- 
periments. The data in table 2 indicate 
that no serious error was introduced by 
variations in intensity so long as the dos- 
age was accurately controlled, and, more- 
over, all series were subjected to approxi- 
mately the same variations. The average 
daily duration of the irradiation for the 
different series ranged from about 4 to 45 
minutes. 

The errors in measurement refer to 
energy incident in the approximate plane 
of the animals, as measured by the photo- 
cell. Actually the mice do not remain 
quiet, but change their positions within 
the limited confines of their individual 
cages, as is illustrated in figure 3. In the 


following incidence studies only tumors 
of the ear are considered since these areas 
are uniform, and being little protected 
by hair, they are the sites of the great 
majority of the tumors. The figure shows 
that the animals often take positions such 
that the ears are not exposed to the radia- 
tion, but we have no reason to believe 
that a given mouse habitually takes any 
given position since they move about fre- 
quently. The wires of the cages cut off 
a certain part of the incident radiation, 
about 20 percent, but the ears of the ani- 
mals project between the meshes of the 
wire during a large portion of the time. 
It seems safe to assume that the various 
positions of the mice are distributed ran- 
domly in the course of the experiment, 
and thus tend to equalize any effects of 
shading either by the cages or the bodies 
of the animals themselves. Hence, the 
incident energies estimated by means of 
the photocell should provide a valid com- 
parative index of the energies incident on 
the mice’s ears but cannot be regarded as 
absolute values in this sense. 


Ficure 3.—Disk of turntable with mice in individual cages. Note differences in position of animals. 
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INCIDENCE OF TUMORS 


Figure 4 shows the incidence data for 
our first seven series. Only tumors of the 
ears are considered. The criteria for their 
selection will be discussed, together with 
the histologic studies, in the following 
paper. In the figure, the logarithm of 
the number of days until appearance of 
the tumor is plotted against the percent of 
tumors which have appeared at that time. 
Plotted in this way, the data follow rather 
symmetrical S-shaped curves. Plotted as 
days against percentages, the curves are, 
of course, considerably skewed. There is 
a wide spread between appearance of the 
first and last tumors in each series. For 
example, in series F the first tumor ap- 
peared at 102 days, the last at 221, while 
the 50-percent incidence was reached at 
135 days. This wide spread is particularly 
striking in a genetically pure strain and 
clearly illustrates the necessity of using 
relatively large numbers of animals for 
such experiments. 


The percentage of tumors at any given 
time is calculated as follows: 
T 
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Figure 4.—Incidence of tumors of the ear in 
male strain A mice exposed to ultraviolet 
radiation. For dosages of radiation, see text. 
Irradiation of series A ceased at the time indi- 
cated by the vertical arrow. 

425485 41--—-5 


where .\ is the total number of mice ini- 
tially irradiated (usually 26), 7 the 
number with tumor, and D those that 
were killed or had died prior to that given 
time. This seems the proper basis for this 
calculation if it can be assumed that the 
animals comprising D died or had been 
killed for causes not related to tumor 
development. It is obvious that high 
mortality may influence the shape of the 
curves, if this or any other method of 
calculating percentages is employed. On 
the whole, the mortality was so Jow as not 
to modify greatly the shape of the curves. 
In both series A and B, 2 mice were killed 
for histologic examination before the first 
tumor had appeared. There was no 
mortality, and no animals were discarded 
in series C. In series F, 1 animal was dis- 
carded because it was a relatively hairless 
type found rarely in this strain and was 
considered atypical. {n series G, 1 animal 
died during the experiment, and 1 devel- 
oped a tumor of the eye and was discarded, 
as has been our practice in those rare 
instances in which the tumor of the eye 
has made it necessary to kill the animal 
before a tumor of the ear appeared. In 
series D and H, the mortality up to the 
occurrence of 50 percent of tumors was 
not high, 11 and 8 percent, respectively. 
but increased considerably after this point, 
since the animals were approaching their 
average life span. This accounts, in all 
probability, for the divergence in the latter 
half of these curves. Series A, which re- 
ceived the highest dosage, showed consider- 
able early mortality, and it was necessary 
to discontinue the irradiation before 50- 
percent tumor occurrence had been 
reached. However, all the animals that 
survived developed tumors. In this series 
the diet was supplemented during a part 
of the time by bread and milk, since the 
animals’ snouts were severely irritated and 
they had difficulty in feeding on the dry 
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fox chow. This series, obviously, has little 
statistical significance, but it is of interest 
in establishing the highest limit of dosage 
which it is feasible to employ. In series B, 
F, C, and G, and the first half of D and 
H, the mortality was so low as not greatly 
to affect the shape of the curves. 

While it is possible to obtain 100-percent 
tumor incidence by irradiation, the inci- 
dence of spontaneous tumors of the ear in 
mice of this strain is extremely rare. No 
such tumors appeared in control series 
comprising 75 animals maintained under 
like conditions but not irradiated. Among 
about 8,000 mice of this strain observed in 
this laboratory, only 5 apparently spon- 
taneous tumors of the ear have been noted. 

When plotted as logarithm of days 
against probability units, the data follow 
straight lines with a reasonable degree of 
scatter. More exact analysis of the data 
will not be attempted at this time but will 
be deferred until the results of further ex- 
periments now in progress are available. 


DosAGE AND THE ReEcipROcITY LAw 


Since the main object of these first ex- 
periments was to establish the dosage re- 
quirements, it was necessary to determine 
whether the intensity of the radiation in- 
fluences tumor formation. That is, is the 
reciprocity law 

Intensity time =constant 
obeyed? Obviously, it would be difficult 
to determine this directly so long as we do 
not know to what extent the rate of tumor 
formation is dependent upon radiation. 

Fortunately in the present instance the 
experimental conditions permit an indi- 
rect approach to the problem. Since the 
period of irradiation is a small fraction of 
the total day, it is possible to give the same 
daily dosage at a high intensity for a short 
time, or at a lower intensity prolonged over 
a correspondingly longer period, and to 


compare the results in the two cases. 
Thus, in series F, G, and H, the maximum 
intensity obtainable was used for short 
periods, whereas series B, C, and D, 
respectively, were subjected to corre- 
sponding doses but at lower intensities. 
If intensity is of no importance and dosage 
alone determines the occurrence of the 
tumor, the time to its appearance should 
be the same for series B and F, for series C 
and G, and for series D and H. That this 
is approximately true is shown in table 2 
where total times and dosages required for 
occurrence of 50-percent tumors are 
shown, together with average intensities 
for each series. As may be readily seen, 
there is an approximate correlation be- 
tween total dosage and time to occurrence 
of tumors, but there is no correlation 
between intensity and the latter value. 

For each series pair receiving approxi- 
mately the same dosage, (ec. g., B and F) 
the difference in time to 50-percent tumor 
incidence does not exceed 12 percent. It 
is probable that these differences represent 
the variation between the individuals of 
the different series which are each com- 
posed of 26 animals. ‘This is borne out by 
the fact that the variation between series 
B and F, in which the difference in in- 
tensity is about twofold, is as great as the 
variation between D and H, in which the 
intensities differ over tenfold. The extent 
of variation between identically treated 
series is being studied at present. 

The data thus far obtained permit the 
conclusion that intensity per se is not an 
important factor, but that tumor develop- 
ment under a given schedule of irradiation 
is dependent only on total dosage. Ex- 
periments which further test this relation- 
ship are in progress. 

By knowing that the reciprocity law 
holds, the setting up of other experiments 
is simplified. For example, in any at- 
tempt to study the effectiveness of different 
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wavelengths, it is not feasible to adjust the 
effective intensities of radiation of various 
wavelengths to a common value: but if 
the reciprocity law holds, this is unneces- 
sary since only the effective dosage need 
be controlled. The latter is much the 
more easily accomplished. 

Adherence to the reciprocity law sug- 
gests that the photochemical processes 
underlying tumor production are not com- 
plicated by exactly simultaneous reverse 
processes. However, this does not ex- 
clude the possibility that resultant prod- 
ucts are continuously carried away, or 
that other “recovery” processes take place. 

The data in table 2 also show that at 
high dosages a given increment in total 
dosage has much less effect on time to 
tumor occurrence than has a correspond- 
ing increment at low dosage. The data 
thus far obtained do not permit a more 
accurate analysis of the relationship be- 
tween dosage and time to tumor appear- 
ance. They indicate, however, that in 
experiments designed to determine the 
effect of various agents, e. g., diet, on the 
development of tumors induced by ultra- 
violet radiation, the dosage must be care- 
fully selected and controlled. If too high 
dosage is employed, the time to tumor 
formation should not be greatly affected 
by such modifying factors since it is little 
affected by total dosage under these con- 
ditions. If the dosage is too low, the time 
to tumor occurrence will be prolonged into 
the range of the average life span of the 
animals and vitiated by high mortality. 
Other factors of importance in this respect 
are being subjected to experimental study 
at present. 

For numerous reasons, no exact com- 
parison can be made between our experi- 
ments and those of Rusch, Kline, and 
Baumann (/), as regards the dosages of 
radiation required to produce tumors. 
Certainly there is no great discrepancy. 


Our range of intensities and dosages in- 
cludes and extends that studied by those 
investigators. 

Very little will be said at this time re- 
garding the magnitude of the dosages of 
ultraviolet radiation employed in_ these 
studies, as compared with that incident 
in sunlight, to which man may be sub- 
jected. Calculated in terms of accepted 
values for human skin, series D and H re- 
ceived about 20 to 25 minimal erythema 
doses per day. This value is considerably 
higher than that for sunlight. However, 
this basis of comparison is not a fair one, 
as a number of factors would tend to make 
this quantity of mercury-arc radiation less 
eflective than the corresponding quantity 
of sunlight. Adherence to the reciprocity 
law suggests that prolonged exposure to 
the relatively low intensities of sunlight 
may be effective if incident over sufficient 
time. 

As regards the effects of such dosage in 
mice, it may be pointed out that the D and 
H dose produces only slight erythema of 
the ears when the animal is first subjected 
to it. The higher doses produce corre- 
spondingly more pronounced effects, 
those to which series A was subjected being 
highly destructive. ‘Ihe nature and extent 
of the skin changes produced by various 
dosages of ultraviolet radiation will be the 
subject of a later paper. 


SUMMARY 


A method for exposure of mice to mer- 
cury-are radiation under carefully con- 
trolled conditions is described. 

One hundred-percent incidence of tu- 
mors of the ears of male strain A mice may 
be induced by such radiation. 

At higher desages of radiation the time 
to appearance of the tumor is little affected 
by the dosage, but at lower dosage this 
time increases markedly with decreasing 
dosage. 
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The production of tumors depends upon 
the quantity of radiant energy applied, 
rather than upon the intensity of the 


radiation. 
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Pathology of Tumors of the External Ear 
in Mice Induced by Ultraviolet Radiation 


By Hucu G. Grapy, acting assistant surgeon, HAROLD F. BLuM, senior pharmacologist, JOHN 
S. Kirsy-Smiru, assistant physicist, National Cancer Institute, National Institute of Health, 


United States Public Health Service 


This paper deals with the gross and his- 
tologic features of tumors of the external 
ear induced in male mice of strain A by 
ultraviolet radiation according to the tech- 
nique discussed in the preceding paper (/). 
Details of dosage, intensity, and incidence 
data may be found therein. 
the external ear have been adopted as the 
basis for incidence studies since in a total 
of 147 tumor-bearing mice the external ear 
has been involved in 144. Tumors of the 
eye have developed in 6 mice, 3 in com- 
bination with tumors of the ear and 3 with- 
out tumor elsewhere. These latter have 
not been included in the incidence data, 
and the 3 animals bearing tumors of both 
eye and ear have been listed as positive for 
statistical purposes only when the tumor 
of the ear appeared. 

When a tumor appeared on the external 
ear the animal was killed by cervical dis- 
location, and both ears and cervical lymph 
nodes were immediately placed in Zen- 
ker’s fluid containing 5 percent of acetic 
acid. Histologic examination of the ears 
and cervical nodes was made in every in- 
stance, and any other lesions observed at 
autopsy were also examined histologically. 
Tissues were embedded in paraffin. The 
haematoxylin-eosin stain was employed 
routinely; other stains employed on occa- 
sion were Mallory’s phosphotungstic-acid 
haematoxylin, Mallory’s aniline blue, and 
Wilder’s or Foot’s methods for demonstrat- 
ing reticulum. 


GROSS PATHOLOGY 


The animals examined twice 


weekly during the course of treatment, 


were 


Tumors of 


and the gross diagnosis of tumor was made, 
with very few exceptions, by the same ob- 
server, so that the criteria for selection 
have been as uniform as the nature of 
the material permitted. Obviously the 
early diagnosis of tumor by inspection and 
palpation is somewhat arbitrary but in 
every case in which a clinical diagnosis 
was made, histologic examination con- 
firmed the opinion. The tumors varied 
somewhat in size depending largely on 
the shape and location of the growth. 
For example, tumors occurring on the 
middle of the inner surface of the ear were 
for the most part round, elevated, and 
sharply circumscribed _ lesions 
mately 7 x 5 x 3 mm. (fig. 1). In a few 
instances there was diffuse involvement of 
the entire margin of the auricle in cordlike 
fashion, the longest measurement ranging 
as high as 18 mm., but the diameter of 
such growths rarely exceeded 3 or 4 mm. 
Not infrequently multiple growths were 


approxi- 


found either on the same ear or involving 
both ears. In such cases the presence of 
a single definitely neoplastic nodule was 
considered significant for incidence studies, 
and the animal was then killed. 

In most cases the external surface of the 
tumor was pinkish-red in color and often 
superficially ulcerated. ‘The more exten- 
sively ulcerated growths were frequently 
capped by a dry hemorrhagic crust, but 
“weeping” or freely bleeding lesions were 
unusual. The tissue was usually firm, 
dry, of a homogeneous gray-white cast, 
and on close inspection the cartilage plate 
could be distinguished as a thin grayish- 
yellow line. Microscopically both sar- 


269 


comas and carcinomas occurred, but we 
were unable to distinguish with certainty 
between the gross appearance of sarcoma 
and carcinoma. 

Associated nonneoplastic lesions in gen- 
eral varied with the total dosage of radia- 
tion. In the higher dosage groups, par- 
ticularly in series A, the ears were thick- 
ened, deeply notched, and covered with 
grayish-yellow Crusted excoria- 
tions were also [requent not only on the 
ears but also on the skin of the face, 
which was usually depilated as the result 
of the irradiation. The ears of animals in 
series D and H, which received low dos- 
ages, generally exhibited only minor de- 
grees of scaling and thickening in non- 
tumorous areas. With the exception of 
tumors of the eye, which wil! be described 
in another paper, the only other tumors 
observed were one fibrosarcoma of the 


scales. 


forepaw and a few squamous papillomas 
of the tail. 


HISTOLOGIC OBSERVATIONS 


The incidence of histologic types of 
tumors is given in table 1. It is seen that 
the tumors were sarcomas, Carcinomas, or 
combinations of sarcoma and carcinoma. 
Combinations included independent car- 
cinomas and sarcomas on the same or con- 
tralateral ear as well as so-called collision 
tumors in which the two types were inter- 
mingied. In each of series B, F, G, and H 


Ficure 1.—A, Tumor involving inner surface of auricle; B, Tumor involving margin of auricle. 
Natural size. 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 


there was a single case in which the diag- 
nosis of carcinoma was doubtful although 
the sarcomatous element was unques- 
tioned. These are listed in parentheses in 
the respective columns. 


SARCOMAS 


Histologically the sarcomas were quite 
uniform in type. They consisted almost 
exclusively of intertwining bundles of 
elongated spindle-shaped cells with mod- 
erately large, plump, and darkly staining 
nuclei (pl. 1, A). The cytoplasm was 
generally abundant, basophilic, and fre- 
quently finely fibrillar. With phospho- 
tungstic acid-haematoxylin preparations, 
typical delicate blue fibroglia fibrils could 
be demonstrated in most instances. The 
reticulum in silvered preparations was 
abundant and consisted of a close mesh- 
work of delicate strands closely applied to 
individual cells (pl. 1, B). Relatively 
small amounts of collagen were observed. 
Mitotic figures were numerous in prac- 
tically all cases. Not uncommonly, large 


Taste 1.—Incidence of histologic types of tumor 


Series 


Sarcoma 10| 22; 2] 19| 4 
Carcinoma 1 | | 
Sarcoma and carcinoma 3 3] 4] 3 

(1?) (1?) 
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Piate 1.—A, Fibrosarcoma composed of interweaving bundles of spindle cells. Phosphotungstic acid- 
haematoxylin. 200; B, Reticulum pattern in fibrosarcoma. Foot’s method. 135: C, Edema- 


tous area in fibrosarcoma adjoining more typical area. Haematoxylin and eosin. >< 180. 


single or multinucleated giant tumor cells The greater bulk of such tumors was 
were seen. Blood vessels for the most usually on one or the other side of the 
part were inconspicuous, thin-walled, tor- cartilage plate, although frequently strands 


tuous structures. of tumor cells had grown through a hiatus 
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in the cartilage and infiltrated the tissues 
on the other side in varying degree. 
Many sarcomas extended superficially to 
abut directly on the epidermis, which 
occasionally appeared atrophied or even 
ulcerated, and the sarcoma reached the 
free surface. In other areas, hyperplastic 
epidermis frequently dipped deeply into 
the sarcoma in long fingerlike projections, 
but these structures could usually be dis- 
tinguished from truly carcinomatous foci 
by the integrity of the basal layer, the 
orderly stratification of the component 
cells, and continuity with the epidermal 
surface. 

In a few cases large or small areas of the 
tumor were composed of polymorphous 
spindle-shaped, oval, round, or star- 
shaped cells widely separated by a clear, 
structureless, intercellular material (pl. 
1, C). The close relationship with typical 
areas of fibrosarcoma and the presence in 
occasional cells of fibroglia lead us to 
believe that they represent edematous foci 
of fundamentally similar cytologic tvpe. 


CARCINOMAS 


The carcinomas, pure or combined with 
sarcoma, were all of the squamous-cell 
type and with few minor exceptions showed 
but little variation. On a basis of com- 
parison with the grading of cutaneous 
carcinoma in man they ranged from type I 
to type Iti (pl. 2). They were almost 
invariably ulcerated growths which in- 
vaded the underlying tissue to the level of 
the cartilage and _ occasionally broke 
through the cartilage plate. There were 
broad masses, small islands, or strands of 
darkly staining polygonal cells, frequently 
slightly separated from each other, and 
with occasional masses of keratin or well- 
formed ‘‘pearls” in the center of such 
accumulations (pl. 2, B). The nuclei 
were large, and mitotic figures averaged 
one or two per high-power field. In one 


case in which a squamous carcinoma was 
intermingled with a fibrosarcoma, the 
carcinoma cells consisted of slender strands 
of closely packed cells with well-marked 
keratinization of the more central cells 
individually or in groups, but without 
typical pearl formation. The stroma in 
pure squamous carcinomas was usually 
scanty except about the advancing edges 
of the tumor where an active granulation 
tissue was present. However, this did 
not differ essentially from the granulation 
tissue of the ear resulting from the radia- 
tion in cases in which no tumor was pres- 
ent. The reticulum pattern in carcinomas 
was strikingly different from that occurring 
in sarcomas. The carcinomatous reticu- 
lum was relatively sparse and delimited 
large groups of tumor cells rather than 
individual cells (pl. 2, C). 

In three instances collision tumors were 
observed, i. e., areas of squamous carci- 
noma intimately intermingled with, yet 
easily distinguishable from, sarcoma. In 
these, the sarcomas were large growths 
involving the greater part of the ears, while 
the epéthelial tumors were smaller and 
generally more superficial. The disparity 
in size suggests that the sarcomas arise 
earlier or grow more rapidly than do the 
carcinomas. 

METASTASIS 

Metastasis was observed only once. in an 
animal in group H which had been irrad’- 
ated for 283 days. There was a. firm. 
reddish-gray tumor 8 x 5 x 5 mm. on the 
posterior margin of the left ear, and the 
left superior cervical nodes were slightly 
enlarged. Histologic sections of the pri- 
mary tumor of the ear revealed a fibrosar- 
coma with invasion of lymphatic vessels. 
The enlarged cervical lymph nodes were 
partially replaced by a tumor of similar 
pattern which in one area had broken 
through the capsule and invaded the peri- 
nodal tissue (fig. 2). 
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Prate 2.— A, Well-differentiated squamous carcinoma. Haematoxylin and cosin. < 210; B, Squamous 
carcinom showing cellular separation and little keratinization. Haematoxylin and eosin. »< 210; C, 
Reticulum pattern in squamous carcinoma. Compare with plate 1, B. Foot’s method. 135. 


DISCUSSION gators. Findlay (2) described cutaneous 
The preponderance of sarcomas in papillomas and carcinomas in mice follow- 
these experiments is striking particularly ing ultraviolet irradiation. Some of the 


in view of the results of previous investi- carcinomas were frankly squamous in 


\ 


274 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


Figure 2.—Metastatic fibrosarcoma in cervical lymph node. Phosphotungstic acid-haematoxylin. >< 220. 


type, but there were spindle-cell growths 
including one which Findlay believed he 
could trace to epidermal cells. He raised 
the question *‘as to whether this tumor is 
to be regarded as a carcinoma or a Carci- 
nosarcoma.” 

Herlitz, Jundell, and Wahlgren (3) 
produced tumors on the external ears and 
tails of white mice. Many of these tumors 
were squamous-cell carcinomas; in addi- 
tion there were spindle-cell growths which 
bore some resemblance to sarcoma but 
which, in the opinion of the authors, were 
epithelial in origin. This view seems to 
be based on the occurrence of transition 
forms between undoubted epithelial tumor 
cells and spindle-shaped tumor cells. 
Putschar and Holtz (4), working with rats, 
state in their first paper that squamous 
carcinoma was the most frequent histologic 
type encountered, with smaller numbers of 
basal-cell carcinomas and __ spindle-cell 
tumors which are regarded by some as 
“carcinosarcoma” but which these authors 
regard as an immature type of carcinoma. 
Certainly the tumor illustrated in figure 
14 of their report while containing many 


elongated cells lacks many features of 


unequivocal sarcoma. In a later com- 
munication, which does not specify 
whether the observation was made on 


additional material, Putschar (5) reports 
the production of a collagen-producing 
sarcoma as well as a chondrosarcoma. 

In Roffo’s series (6) of 165 rats which 
developed tumors 145 had tumors of the 
external ear of which 58 percent were car- 
cinomas, 36 percent sarcomas, and 6 per- 
cent carcinosarcomas. 

Beard, Bogess, and Von Haam (7) in- 
duced tumors in 12 rats including 9 carci- 
nomas of the external ear, 6 sarcomas of 
the eye, and 1 carcinoma on the skin of 
the nose. They make no mention of sar- 
comas involving the ears, and their figures 
are those of squamous carcinoma of vary- 
ing histologic appearance. 

Hueper (8) irradiated congenitally hair- 
less rats and their haired litter mates. 
Only one of the hairless rats developed 
cutaneous carcinoma while multiple car- 
cinomas and sarcomas were produced in 
the haired animals. He believed that the 
difference in incidence of tumors was due 
to the thickness and keratinization of the 
hairless skin which “provides a higher de- 
gree of protection against the ultraviolet 
rays.” 

In none of these communications, with 
the exception of Putschar’s second note, 
is there any mention of collagen, reticu- 
lum, or fibroglia in those spindle-cell 
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growths which were believed to represent 
atypical carcinomas. 

In our material the tumors diagnosed as 
sarcoma in most instances exhibited the 
characteristics of fibrosarcoma with fibro- 
glia fibrils, and the reticulum was of a 
pattern typical of fibrosarcoma (9), being 
fundamentally different from that ob- 
served in carcinomas. The 
amount of collagen as shown by Mallory’s 
aniline 


squamous 


blue cr phosphotungstic acid- 
haematoxylin methods varied consider- 
ably. The predominant pattern of inter- 
weaving bundles of spindle-shaped cells in 
contrast with the sheets or islands of elon- 
gated cells seen in spindle-cell epidermoid 
carcinoma seems further evidence that 
these tumors are truly of connective-tissue 
origin. 

The occurrence of buta single metastasis 
among 144 mice with tumors of the ex- 
ternal ear seems duc in part at least to the 
fact that the mice were killed as soon as a 
clinical diagnosis of tumor was made. 
However, it should be pointed out that 
most investigators have found relatively 
few metastatic tumors even in animals 
which had lived for longer periods. The 
greatest proportion is reported by Wahl- 
gren (/0) who found 14 animals with 
metastatic tumors in 2 series totaling 29 
mice and including pulmonary and splenic 
metastases, 

The bearing of studies such as the present 
on the importance of sunlight as an excit- 
ing agent in human cutaneous cancer is of 
particular interest. The difference in the 
distribution of tumor types in the two cases 
is most striking, sarcomatous growths pre- 
deminating in the case of mice, whereas 


the vast majerity of malignant tumors of 
human skin are carcinomas. This discrep- 
ancy may be explained in part at least by 
the difference in penetration of the tumor- 
producing radiation (wavelengths shorter 
than 3200A) into the skin in the two cases. 
Direct measurements in this laboratory 
show that human epidermis absorbs vir- 
tually all such radiation, so that its direct 
effects are limited to the epidermis, and 
hence it would be expected to produce 
only carcinomas. On the other hand, a 
great part of such radiation penetrates to 
the dermis of the mouse, so that it is not 
surprising that sarcomas result. The epi- 
dermis, of course, also absorbs a certain 
proportion of the radiation, so that carci- 
nomas as well as sarcomas are to be expected, 

Thus, to account for the high propor- 
tion of sarcomas in proportion to carcino- 
mas, it may be necessary to assume that the 
connective tissue of the dermis is more sus- 
ceptible to the production of tumors by 
this agent, or, alternatively, that the sar- 
comas develop earlier than carcinomas. If 
the latter is true, the early selection of the 
tumors practiced in the present studies 
would favor the finding of a higher pro- 
portion of sarcomas. 


SUMMARY 


The pathologic features of tumors cf the 
external ear induced in male strain A mice 
by ultraviolet radiation are presented. The 
predominant type of tumor observed was a 
fibrosarcoma. 

Less frequently combinations of fibro- 
sarcoma and squamous carcinoma occurred, 
while only three instances of squamous 
carcinoma occurred alone. 
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The Comparative Proteinase and Pepti- 
dase Activities of Rat Hepatoma and 
Normal and Regenerating Rat Liver 


By Mary E. Maver, senior biochemist, G. BuRRouGHs Miner, research fellow, J. M. JOHNSON, 
senior chemist, and J. W. THompson, associate pharmacologist, National Cancer Institute, 
National Institute of Health, United States Public Health Service 


INTRODUCTION 

Attempts have been made in recent 
years to compare the proteolytic systems 
of rapidly growing neoplasms with those 
of various normal tissues. Until now, suit- 
able normal control tissues have not been 
available. The present report deals with 
the proteinase and peptidase activities of a 
hepatoma of the rat and of the normal and 
the regenerating rat liver. This set of tis- 
sues is particularly suitable for comparison 
because both the hepatoma and the regen- 
erating liver exhibit rapid tissue prolifera- 
tion in contrast with the normal liver. It 


is reasonable to assume that synthesis of 


specific cellular proteins takes place much 
faster in the two rapidly growing tissues 
than in the normal liver. Since enzyme 
concentration is probably a factor in the 
synthetic activities of these enzymes, an 
attempt was made to correlate their lytic 
activities in a general way with the growth 
rates of the respective tissues. Therefore. 
experimental conditions were chosen which 
gave relative concentrations and activities 
of these enzymes under optimal conditions 
for lysis. 

After continued feeding of p-dimethyl- 
aminoazobenzene to albino rats, neo- 
plasms arose in the liver which grew when 
transplanted subcutaneously. 
the histologic changes which occurred 
after transplantation suggested that the 
tumor was derived from parenchymal cells 
of the liver (7). 

Partial hepatectomy in the albino rat 
accelerates the growth rate of the residual 


A study of 


liver as indicated by increase in mass and 
number of cells. This phenomenon, com- 
monly called regeneration, is essentially a 
restoration or re-creation of liver tissue by 
proliferation of hepatic cells. Higgins and 
Anderson (2) and Brues, Drury, and Brues 
(3) have shown that increase in mass of the 
liver is greatest during the first 3 days after 
partial hepatectomy. The increase in cell 
number is most marked during the second 
and third days after the operation. A 
second period of accelerated weight incre- 
ment also occurs, but this is not associated 
with any marked increase in the rate of 
cellular proliferation (3). 


EXPERIMENTAL METHODS 
PREPARATION OF TISSUE EXTRACTS 


The hepatoma tissue was obtained from 
tumors grown in subcutaneous transplants 
of hepatoma No. 31 which was originally 
produced by Dr. Julius White, of this lab- 
oratory, by feeding p-dimethylaminoazo- 
benzene to Osborne-Mendel strain rats for 
7 months (/). The viable tissue in these 
transplants was separated from the ne- 
crotic material as completely as possible 
and was used immediately. 

The regenerating liver tissue was ob- 
tained from 100-gm. Osborne-Mendel 
strain rats after excision of the median and 
lateral lobes of the liver under ether 
anesthesia. The excised portion repre- 
sented about two-thirds of the total weight 
of the liver. Three days after operation 
the weight of the liver was approximately 
85 percent of the normal weight as caleu- 

we 
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lated on the basis of a liver-body weight 
ratio of 6 percent. 

All of the rats were killed by decapitation 
and thoroughly drained of blood. The 
livers of the partially hepatectomized rats 
as well as the control livers of the normal 
100-gm. rats were perfused with Ringer’s 
solution. The livers and the hepatoma 
tissues were ground and extracted immedi- 
ately with 4 volumes of acetate buffer at pH 
3.5. This original extract was filtered 
through a fine mesh gauze and was used as 
the 1:4 dilution. It was diluted further 
with the pH 3.5 acetate buffer to give the 
1:8, 1:16, and 1:32 dilutions. The 
total nitrogen per cubic centimeter in each 
of the diluted extracts was determined by 
digestion and direct nesslerization as 
described by Koch and McMeekin (4). 


THe PROTEINASE DETERMINATIONS 

The proteinase activities of the three tis- 
sue extracts were tested by their ability to 
digest horse hemoglobin. The procedure 
followed was that of Anson (5, 6) in which 
the degree of hydrolysis was measured by 
the amount of tyrosine color liberated dur- 
ing 10 minutes digestion by 1 cc. of enzyme 
(tissue) extract acting on 5 cc. of a 2.5- 
percent solution of hemoglobin at 38° C. 
The tyrosine color value was measured in 
milligrams of tyrosine, determined color- 
imetrically with the Folin-Ciocalteu re- 
agent by using an Aminco type F electro- 
photometer. In those 
which cysteine HCl in a final concentra- 
tion of 0.01 M was used to activate the 
enzymes, it was necessary to apply a cor- 
rection for the decrease in color caused by 
the addition of formaldehyde as described 
in a previous report (7). 


experiments in 


Tue DETERMINATIONS 


The peptidase preparations were made 
from the same tissues, hepatoma and 


normal and regenerating liver, by using a 
modification (8) of the method of Berger 
and Johnson (9) for leucylpeptidase. 
Since this method of preparation specifi- 
cally concentrates the leucylpeptidase, the 
results obtained when d/-glutamylglycine 
was used as substrate may not have rep- 
resented the maximum hydrolytic activi- 
ties of the tissues. The digests were made 
by adding 1 cc. of the peptidase prepara- 
tion to 3 cc. of pH 8.0 phosphate buffer, 
and they contained 0.05 millimoles of di- 
peptide per cubic centimeter. The degree 
of hydrolysis was determined by alkali- 
metric titration in alcohol according to the 
method of Grassmann and Heyde (70). 
The titrations were made after 2 hours and 
then daily for 4 days. The incubation 
The total nitro- 
gen content of these peptidase preparations 
(0.45 to 0.6 mg. N per cubic centimeter) 
could not be correlated with the peptidase 
activity. 


temperature was 38° C. 


THE CHEMICAL ANALYSES OF THE TISSUES 


The original tyrosine color values of 
the extracts which were obtained as zero- 
hour determinations for the proteinase 
activities represented the sum of the tyro- 
sine, tryptophane, and other phenolic 
split-products which were present in the 
extracts. The total nitrogen determina- 
tions showed the amount of nitrogenous 
material which was extracted from each 
tissue with the acid buffer. 

The percent of total solids in the hepa- 
tomas and the perfused livers was deter- 
mined by weighing before and after lyo- 
philization. These lyophilized tissues were 
dried to constant weight and analyzed for 
nitrogen by the Koch and McMeekin 
method and for total sulfur by the Parr 
bomb technique. 
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RESULTS 

The proteinase activity of the hepatoma 
extracts was considerably greater than 
that of the extracts of normal and of 
regenerating rat livers (tables 1 and 2). 
Since the hepatoma extracts contained less 
nitrogen per cubic centimeter (table 3), 
this difference in activity became more 
marked when the degree of hydrolysis 
was based upon the nitrogen content of 
the extracts. Also, all of the hepatoma 
tested in the 1:32 dilution 
showed proteinase activity while in some 
instances the normal and regenerating 
liver extracts showed no activity at this 
dilution. The extracts of the normal liver 
in the 1 : 32 dilution were active in three 
experiments without cysteine and in four 
experiments with cysteine. The extracts 
of the 24-hour regenerating liver in the 
1:16 dilution showed activity in three 
of four experiments. With the 48-hour 
regenerating liver extracts, proteinase ac- 
tivity was demonstrated in two of four 
extracts in the 1 : 32 dilution, while one 
extract in the 1 : 16 dilution was inactive 
without the addition of cysteine. The two 
extracts of the 72-hour regenerating livers 
were both active in the 1:32 dilution, 
while only one of two extracts of 96-hour 
regenerating livers was active in_ this 
dilution. The three extracts of 7-day re- 
generating livers were active in the 1 : 32 
dilution. These results indicated that 
not only the activity but also the quantity 
of proteinase extracted from the hepatoma 
tissue exceeded that from normal or re- 
generating liver tissues. Further evidence 
of the increased proteinase activity of the 
hepatoma extracts was seen in the higher 
percentage of active proteinase present 
since the addition of cysteine to the 
hepatoma digests caused only 40-percent 
increase in activity, whereas this increase 
with the normal and regenerating liver 
extracts varied from 63 to 100 percent. 


extracts 


TABLE 1.— The proteinase activities! of extracts of rat 
hepatoma and of normal rat liver 


Increase in tyrosine color 


value 

‘Tissue extract Dilution 
No eysteine With cysteine 

| Milligrams Milligrams 

Rat hepatoma 14 0. O84 0. 116 
1:8 .079 128 
1:16 . 106 | 134 
1:32 .071 100 
Average | O85 19 
Normal rat liver __| 4 
043 O64 
| 1:16 . 039 | O72 
1:32 . 029 
Average 038 


! The activities are given in increases in the tyrosine color 
values per milligram of nitrogen in the tissue extracts. The 
average values for four experiments with each tissue extract 
are given, except in the 1:32 dilution of the normal liver 
where 1 of the 4 extracts was not active without cysteine and 
the average values of 3 experiments are given. 


Taste 2.—The proteinase activities! of extracts of 
regenerating rat liver and of a rat liver 24 hours after 
a mock operation 


Increase in tyrosine color 

value 
TD 
Interval after partial Dilution |—— - 


hepatectomy 


With 
-ysteine! 
No cysteine cysteine 


|— 
Milligrams | Milligrams 
0.039 


24 hours 1:4 0). 028 
1:8 . 034 
1:16 024 | 039 
| O66 
| 
2,021 | 2.075 
Average ..030 | 064 
72 hours -O17 050 
034 | 
“021 | “074 
| O57 
Average 028 O56 
96 hours 031 04% 
1:8 | 
1:16 037 | 076 
Average 040 
1:8 047 059 
1:16 048 | 097 
1:32 060 102 
24 hours after mock 
operation 4 . O64 
1:8 O80 
1:16 036 
Average 044 | 


| The activities are given in average increases in tyrosine 
color values for 1 mg. of nitrogen in the tissue extracts. 

2 Average of 2 experiments. 

3 Average of 2 experiments in all dilutions. 

+ Average of 3experiments in all dilutions. 
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Taste 3.—The total nitrogen and the initial tyrosine 
color values of extracts of hepatomas and of normal 
and regenerating rat livers 


_ Tyrosine 
‘Tissue extract Total N color 
value value/N 
ratio 


Milligrams Milligrams 
Rat hepatoma 2. 58 0. 164 0. 004 
Normal rat liver 4.00 . 323 O81 
Regenerating rat livers, 

interval after partial 

hepatectomy. 


24 hours 3.81 . 432 

hours 3.77 110 

72 hours 3. 24 . 266 OR? 

hours 3.81 . 

7 days 3.73 . 398 
Liver 24 hours after 

mock operation 4.0 . 257 On 


The proteinase activities of the extracts 
of the regenerating livers for the first 3 days 
after partial hepatectomy appeared to be 
slightly less than that of the normal liver- 
tissue extracts which were tested. This 
difference in activity could not be attrib- 
uted to the effects of surgical shock or 
ether anesthesia since the activity of the 
liver extracts obtained 24 hours after a 
mock operation was slightly higher than 
that of the normal liver extracts (table 2). 
In the later intervals (of 4 and 7 days) 
after the partial hepatectomy the protein- 
ase activities of the regenerating liver 
extracts were slightly higher than those of 
the normal livers. 

Although the 1:4 dilutions of the 
regenerating liver tissues contained about 
the same amount of total nitrogen as the 
same dilutions of the normal livers, the 
proportion of tyrosine and tryptophane, as 
indicated by the tyrosine color value, was 
higher (table 3). 

The hydrolysis of d/-leucylglycine by the 
peptidase preparations from the rat hepa- 
toma tissue was much more rapid and 
extensive than by the peptidase prepara- 
tions from normal and regenerating livers 
(table 4). With three of four hepatoma 
preparations, all of the natural peptide of 


the racemic mixture (50 percent) was 
hydrolyzed in 2 hours, whereas this degree 
of hydrolysis was not attained by the 
normal or regenerating liver peptidases 
even after 5 days’ digestion. In contrast 
with the very active hepatoma peptidase. 
two of four peptidase preparations from 
24-hour regenerating liver did not hydro- 
lyze di-leucylglycine at all. 

TasLe 4.—The hydrolysis of dl-leucylglycine and 
dl-glutamylglycine by purified peptidases from rat 
hepatoma and from normal and regenerating rat 
liver, and from rat liver 24 hours after a mock 


operation 


{Average maximum hydrolyses obtained during 4 days diges- 
tion of the racemic peptide are given. 50 percent hydroly- 
sis indicates that all of the natural peptide has been split | 


Hydrolysis 
Source of peptidase 
dl-Leucyl- dl-Glutamy! 


glycine glycine 
Percent Percent 
Rat hepatoma 152 34 
Normal rat liver 22.5 40 
Regenerating rat liver. inter- 
val after partial hepatec- 
tomy: 
24 hours 8.2 21.7 
48 hours 32 35 
72 hours 28 35 
96 hours 32 39 
7 days 20 29 
Rat liver 24 hours after mock 
operation 15 22 


' This dezree of hydrolysis was obtained in 2 hours. 


There was no significant difference be- 
tween the ability of the hepatoma and 
normal liver peptidases to hydrolyze a/- 
glutamylglycine. The lower percentage 
hydrolysis obtained with the 24-hour 
regenerating liver and the liver after a 
mock operation may have been due to 
the effects of the operation alone. At 
longer intervals after the partial hepatec- 
tomies the peptidases from the regenerat- 
ing livers became more active. 

The hepatoma tissue contained from 10 
to 12 percent more water than the normal 
or regenerating liver tissues (table 5). 
There were only slight differences in the 
total nitrogen and total sulfur contents of 
the three dried tissues. Although the 
nitrogen content of the hepatomas ap- 
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peared to be slightly higher, the nitro- 
gen: sulfur ratio of this tissue was approxi- 
mately the same as that of the normal and 
the regenerating liver tissues. 


Taste 5.—The concentrations of total solids, total 
nitrogen, and total sulfur in the hepatomas and in the 
normal and regenerating rat livers 


tld | Total Total | Total | Ratio 
Tissue solids, N | 8S | N/S 
Hepatoma: | Percent | Percent | Percent 
No. 1_- 19, 52 13.15 1.05 12. 52 
No. 2.. 17.50| 1288} 1.12! 11.50 
No. 3. | 17.09 12. 66 . 98 12. 92 
Normal liver: | | 
No. 1. ----| 29.63 | 11.50} .93| 12.37 
No. 2. 29. 18 11.83 1.00) 11.83 
No. 3. ---| 30.52 9. 90 -93 10.65 
Regenerating livers, in- 
terval after partial 
hepatectomy: 
24 hours -.., 29.85 10. 80 . 89 | 12. 13 
48 hours 29.63 11.50 89 12. 92 
72 hours | 28.50 11.70 13.15 
96 hours ..--| 29.80 10.10 | 89 11.35 
7 days --| 28. 55 98) 12.68 
DISCUSSION 


A comparative study was made of the 
proteinase and peptidase activities of two 
tissues, hepatoma and regenerating liver, 
which were derived from hepatic cells. 
In both of these tissues the growth rate, 
with an accompanying synthesis of pro- 
tein, was definitely increased over that of 
the normal hepatic tissue. 

With the hepatoma extracts there was a 
direct correlation between increased growth 
rate and the increased proteolytic activity 
over that of the normal liver tissue. As 
suggested previously (7), the increased 
rate of synthesis in a neoplastic tissue may 
be due to changes in metabolism which 
provide a more stimulating tissue medium 
for enzymic synthesis, or to quantitative 
or qualitative changes in the cathepsin 
which may occur when a normal cell 
becomes neoplastic. The results of the 
experiments reported here, in which the 
enzyme was removed from its natural 
tissue medium, indicated that there was a 
quantitative increase in the cathepsin 
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(tissue proteinase) content of the hepatoma 
extracts. There may also have been a 
qualitative change which caused the 
increased lysis of hemoglobin even in the 
most dilute extracts. The higher percent- 
age of active enzyme in these extracts may 
have been due to a more reducing tissue 
medium of the hepatomas which preserved 
the enzyme. 

The regenerating liver, which apparently 
proliferated more rapidly than the hepa- 
toma, however, had less proteinase during 
the period of most rapid regeneration as 
judged by the lytic activity with the tech- 
niques employed. In our earlier research 
we showed that the concentration of sub- 
strate, pH, and oxygenation were factors 
which controlled the synthesis of protein 
in tissue extracts (77, 72). It might, 
therefore, be possible to explain the rapid 
synthesis of protein in the regenerating 
liver in vivo partly on the basis of the nutri- 
ent quality of the portal blood. The 
weaker lytic activity of the proteinase of 
these regenerating liver extracts in the 
presence of adequate protein substrate and 
under optimal hydrolytic conditions is 
difficult to explain. It may be that further 
discussion of the role of the proteinase in 
regenerating liver must await knowledge of 
the specific stimulating and self-limiting 
factors in the growth of regenerating 
tissues. 

There was also a decided acceleration of 
the leucylpeptidase activity of the hepa- 
toma tissues over that of the normal or 
regenerating rat livers. Very little, if 
anything, is known concerning the meta- 
bolic relationships of the peptidases which 
have an alkaline pH optimum to the pro- 
teinase and peptidase activities of the 
cathepsins. This increased leucylpeptidase 
activity of the neoplastic tissue, however, 
suggests that another change in the pro- 
tein metabolism of the hepatomas oc- 
curred. 
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SUMMARY 

The proteinase activity of rat hepatoma 
extracts using hemoglobin as substrate was 
greater than that of normal or of regenera- 
ting rat-liver extracts. Also, dl-leucylgly- 
cine was hydrolyzed much more rapidly 
and extensively by the peptidase prepara- 
tions from hepatoma tissue than by the 
peptidase preparations from the normal 
or regenerating hepatic tissues. This defi- 
nite acceleration in both the proteinase and 
the leucylpeptidase activity suggests that 
the nitrogen metabolism of the hepatic tissue 
was altered when it became neoplastic, and 
this change in the nitrogen metabolism 
favored a more rapid growth rate in the 
tumor. 

During the first 3 days after partial 
hepatectomy, which included the period 
of most rapid proliferation, the average 


proteinase activities of the regenerating 
livers appeared to be slightly less than those 
of the normal liver extracts. On the 
fourth and seventh day after the operation 
the average proteinase activities were 
slightly above those of normal hepatic 
tissue. 

The hepatoma tissue contained from 10 
to 12 percent more water than the normal 
or regenerating liver tissue. The total 
nitrogen content of the dried hepatoma 
tissues was very slightly higher than that of 
the normal or regenerating livers, although 
the nitrogen : sulfur ratios remained the 
same in all of the tissues. 
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The Liver Catalase Activity 


of Tumor- 


Bearing Rats and the Effect of Extir- 
pation of the Tumors 


By Jesse P. GREENSTEIN, research fellow, WENDELL V. JENRETTE, junior physiologist, and 
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INTRODUCTION 


Direct chemical studies on tumors are 
interesting and important. Of equal in- 
terest are chemical studies of the prop- 
erties of tissues in the tumor-bearing 
animal relatively far removed from the 
site of the tumor. The latter type of 
investigation may offer some evidence of 
possible systemic effects of far-reaching 
importance which are elicited by the 
presence of the tumor. The present in- 
vestigation forms part of a general plan 
embracing on one hand comparative 
chemical studies of tumor and normal 
control tissues and on the other hand sim- 
ilar comparative studies of a particular 
bodily tissue from normal and from tumor- 
bearing animals. For the time being, 
attention is confined largely to the liver, 
with some brief attention to the spleen 
and kidney. 

In a previous paper (7) it was shown 
that the catalase activity of the livers of 
rats bearing the transplanted hepatic 
tumor No. 31 (2) was invariably about 
one-tenth that of the livers of normal rats. 
The activities of several enzymes were 
investigated in this comparative study, 
but the most striking alteration was founa 
in the catalase activity of the livers of the 
tumor-bearing rats. It was further shown 
that a proportionality existed between the 
ratios of the enzymatic activity of normal 
liver to the transplanted hepatic tumor on 
the one hand and that of normal liver to 
the livers of tumor-bearing animals on the 
other. The catalase activity of regenerat- 


ing rat liver in otherwise normal animals 
was found to be practically identical with 
that of normal liver. 

These observations raised several inter- 
esting questions, and it was considered 
desirable to extend further the study of the 
catalase activity of tumor-bearing animals. 
These questions are as follows: 

(1) At what stage of growth of the trans- 
planted tumor does the effect on the liver 
catalase begin to show? 

(2) What is the effect of extirpation of 
the transplanted tumor on the activity of 
the liver catalase of the animal which has 
borne the tumor? 

(3) Will a second inoculation of the 
tumor grow in animals from which the 
first transplant has been removed, and if 
so, what is the catalase activity of the 
livers of such animals during the growth of 
the second transplant and after extirpation 
of the latter? 

(4) What is the catalase activity of a 
liver regenerating in the body of a rat bear- 
ing a transplanted hepatic tumor? 

The investigations on these questions 
are reported in the present paper. 


EXPERIMENTAL PROCEDURE 


The rats used in this study were of the 
Osborne-Mendel strain and carried trans- 
plants of hepatic tumor No. 31 in the eighth, 
ninth, and tenth transfers (2). The use of 
this well-defined tumor material in trans- 
plants permitted an exact knowledge of the 
age of the transplanted tumor. The livers 
were removed from the animals following 
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decapitation of the latter and were imme- 
diately ground up with sand and extracted 
with distilled water as before (7). The 
diet of the animals consisted of Purina dog 
chow. 


REPRODUCIBILITY OF THE DATA 


In the earlier report (/) it was stated 
that the reproducibility of the enzymatic 
determinations under comparable condi- 
tions was about 30 percent between indi- 
vidual animals. To a large extent this 
finding was attributed to the fact that the 
determinations were made at exactly de- 
fined concentrations of total N in the 
tissue extracts used. Unless this procedure 
is used, the variations between individual 
animals become extremely large. The 
necessity for employing some such proce- 
dure is obvious. Two samples of tissue 
ground and extracted separately will 
rarely yield exactly the same amount of 
extracted material. Since the enzymatic 
activity of the extract will be proportional 
to the amount of tissue extracted, it is 
necessary to have some knowledge of the 
magnitude of the Jatter. The most con- 
venient standard in this connection is the 
amount of total N in the extract, and it has 
therefore been uniformly employed (/-—3). 
At least two different concentrations of 
total N have usually been selected. 

The same method of estimating the 
activity of catalase (/) was used in the 
preseni study. The activity is reported in 
terms of cubic centimeters of oxygen lib- 
erated per second. The volume of gas is 
plotted graphically against time of incuba- 
tion, and the slope of the linear portion cf 
the curve yields the reported rate. An il- 
lustration of this method is given in figure 
1. The rate is obviously linear during the 
early stages of the reaction. 

As an illustration of the reproducibility 
of the methods employed, the data on the 
livers of normal rats and of rats bearing the 
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transplanted hepatic tumor and the Jensen 
sarcoma are given in table 1. The former 
tumor was grown in rats of the Osborne- 
Mendel strain, the latter tumor in Buffalo 
rats. The effect of the presence of the 
tumors on the liver catalase of the tumor- 
bearing animals is practically the same for 
both tumors. 


TaBLe 1.—The catalase activity of the livers of rats 
bearing transplanted hepatic tumors 4 weeks old since 
the date of implantation, and of rats carrying Jensen 
sarcomas 3 weeks old since the date of implantation 


(Concentration of total N in each of the tissue extracts 
was 0.6 mg. per cubic centimeter] 


Num- 


Tissue ber of Rate of evolu- 
animals 
Cubic centimeters per 
second 
Livers of normal Osborne- 6 | 1.7, 1.5, 1.6, 1.8, 1.7, 1.7. 
Mendel rats. 
Livers of normal Buffalo 4 | 18, 1.7, 1.6, 1.5. 
rats. 
Livers of rats carrying S| 82. 
transplanted hepatic 
tumor No. 31. 
Livers of rats carrying 6 | .18, .14, 15, 


transplanted Jensen 


sarcoma. 


In the present study several animals 
were employed for each determination, 
and in every case the reproducibility 
was within the range illustrated by the 
data in table 1. Although only one figure 
for each determination is given in the 
subsequent tables it is understood that the 
variation in every case is no greater than 
about 30 to 50 percent between the liver 
tissues of individual animals. 


B 0,0 per CC. 
@ per CC, 


CC OXYGEN 
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SECONDS 


Ficure 1.—The rate of oxygen evolution in a 
digest of liver-tissue extract and hydrogen 
peroxide. 
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Tue Errect oF AGE OF THE TUMOR 


The data on the effect of age of the trans- 
planted hepatic tumor on the liver catalase 
are given in table 2. It should be stated 
here that the enzymatic data reported in 
the earlier paper (7) were obtained on the 
tissues of animals which had borne the 
transplanted tumor for 28 days since the 
date of implantation. The time course 
of the tumor effect on the liver is very 
interesting (table 2). The effect of the 
tumor when the latter is 1 week old is 
striking, for there is a very marked increase 
over the normal for the liver catalase 
activity. The livers from eight animals 
at this stage were separately investigated 
and every one yielded the same catalase 
values given in table 2 within 20 percent. 
One week beyond this stage a marked drop 
below the normal level in catalase activity 
occurred, which continued until about the 
time the 4-week stage was reached, when 
the level, at least to 56 days, was fairly 
constant. The animals studied 1 week 
after the date of implantation all possessed 
definitely palpable tumors. 


THe EFrect OF STARVATION 
In order to determine whether the 


results obtained may have been partly due 


TaBLe 2.—The effect of the age of the transplanted 
hepatic tumor No. 31 on the liver catalase activity of the 
tumor-bearing animal 


Days after Total N in Evolution of 
implantation extract oxygen 
Milligrams Cubic centi- 
per cubic meters per 
centimeter second 
0 { 1.6 
3 -5 
.6 3.3 
{ .3 1.1 
4 { "3 
.4 
{ 12 
‘ .6 “a 
{ “08 
| .6 “a 
{ ‘3 “07 
.6 
{ 3 .04 


to inanition, the liver catalase activity of 
normal and tumor-bearing rats which had 
been deprived of all food for 1-3 days was 
estimated. The starved animals received 
water ad libitum. The data are given in 
table 3. 

Table 3 shows that starvation at least up 
to 3 days produces no appreciable effect on 
the liver catalase activity of the starved 
animals. 


THe Errecr or ExtTIRPATION OF THE 
Tumor FOLLOWED By REINOCULATION 


It is evident that the presence of the 
transplanted hepatic tumor in the rat re- 
sults in a greatly lowered catalase activity 
of the liver in this animal. What will be 
the course of this activity if the tumor is 
removed, then fresh tumor material inocu- 
lated and allowed to develop, and finally 
this second growth of tumor removed? 
It might thus be possible to produce a very 
interesting sequence of phenomena which 
would throw light on certain aspects of 
tumor development, the possible systemic 
effects elicited by the presence of the tumor 
and by its removal, and the effect which 
the previous presence of a tumor may 
exert on the development and _ properties 
of a subsequent tumor in the same animal. 

Young male rats, about 5 weeks old, of 
the Osborne-Mendel strain, were inocu- 
lated subcutaneously with small pieces of 
tissue of hepatic tumor No. 31. A number 
of animals bearing 4-week-old tumors were 
anesthetized under ether and the tumors 
completely removed. The fact that these 
tumors were encapsulated made their ex- 
tirpation easy. Half of the animals so 
treated were killed subsequently at definite 
intervals, and the catalase activity of the 
livers was determined. The rest of the 
animals were reinoculated 48 hours after 
excision of the tumors with fresh tumor 
tissue, and the new tumor was allowed to 
grow for 4 weeks. A few of these animals 
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Taste 3.—The effect of starvation on rat liver catalase 


| 


| Length of 
Tissue Age of animals or tumors ! po 
animals 
Milligrams | Cubic centi- 
per cubic meters per 
Weeks | Hours centi second 
Normal rat livers Animals 6 weeks old __ | 0 { 3 | 1. 5 
| -3 | 
Do do 24 { 
Do do 48 { 1.5 
ot PT 
Do 72 { 1.6 
Livers of rats carrying transplanted | Tumors 4 weeks old; animals 9-10 weeks .6 1 
hepatic tumor No. 31. old. } 0 { 3] . 03 
Do do 24 i{ 4 
‘6 | “09 
Do do 48 { “3 | 3 


! The age of the tumor refers to the time elapsed since implantation. 


were killed in order to determine the liver 
catalase activity at this point. The re- 
mainder were operated upon for the re- 
moval of the tumors and were subsequently 
killed as described above at definite inter- 
vals, and the catalase activity of their livers 
was determined. 

No difficulty was experienced in remov- 
ing either the first or the second tumor. 
The animals recovered rapidly from the 
operation. The second inoculation of tu- 
mor into rats from which the first tumor 
had been removed was made when the 
animals were about 10 weeks old and was 
uniformly successful. The success of the 
second inoculation did not necessarily de- 
pend upon the fact that the animals had 
previously borne the tumor, since hepatic 
tumor tissue implanted into normal ani- 
mals of this age will grow readily. It was 
observed, however, that the second tumor 
apparently grew somewhat more rapidly 
than the first and that the animals pre- 
sented a somewhat emaciated appearance. 
The data on the livers of these animals, 
as well as on the tumors, are shown in 
table 4. 

The course of the effects of the opera- 
tions studied is quite clear from table 4. 


The livers of normal rats have a high cata- 
lase activity which is apparently independ- 


Taste 4.—The effect of extirpation of transplanted 
hepatic tumor, reinoculation with fresh tumor, and 
extirpation of the second growth on liver catalase 


Normal liver 


Livers of rats bear- | 


ing transplanted 
hepatic tumor 


Livers of rats from 
which the trans- 
planted tumors 
were removed. 


Livers of rats which 
been inocu- 

lated with fresh 
hepatic tumor 
tissue second time 


Livers of rats from 
which the second 
tumor was re- 


First transplanted 
hepatic tumor 


Second trans- 
planted hepatic 


Age of animal or 
tumor ! and time 
after operation 


imate 5 to 


year ol 


Tumors 4 weeks old 


c after opera- 

hhours after ‘opera- 
on 

72 hours after opera- 


96 hours after opera- 


a hours after oper- 
ation. 


Tumors 4 weeks old 


24 after opeia- 


Total N 
in 
extract 


Milli- 

grams 

per cu- 

bie cen- 

timeter 
0. 


— 


Evolu- 
tion of 
oxygen 


Cubic 


! The age of the tumor refers to the time elapsed since 


implantation. 
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ent, within limits, of the age of the animal. 
The presence of a transplanted tumor in 
the animal causes a marked lowering in the 
catalase activity of the liver. Removal of 
the tumor results, after 24 hours, in a 
marked recovery of the liver catalase which 
is followed thereafter by the attainment of 
the normal level of activity of this enzyme 
in liver. The livers of rats bearing the 
second tumor have as low a catalase activ- 
ity as they had when they bore the first 
tumor. The effect of the removal of the 
second tumor on the liver catalase is appar- 
ently the same as that following removal of 
the first tumor. The catalase activity of 
the first and of the second tumors is the 
same. It was necessary, however, to use 
a very much greater concentration of the 
tumor extract than of the liver in order to 
be able to determine the enzymatic 
activity.' 


REGENERATING LIVER IN Rats BEARING 
THE TRANSPLANTED HEPATIC TUMOR 


We previously reported that the catalase 
activity of liver regenerating in normal 
rats was the same as that of normal liver 
(7). Will the catalase activity of regen- 
erating liver in an animal bearing a 
transplanted hepatic tumor be like that 
of normal liver or will it be like that 
characteristic of nonregenerating liver in 
tumor-bearing animals (tables 1, 2, and 
4)? The problems were investigated as 
before (2), by removing 60-70 percent of 
the liver of rats under ether anaesthesia. 
In this case, rats carrying 4-weeks-old 
transplanted hepatic tumor No. 31 were 
used. A certain proportion of the animals 
were killed at selected intervals after the 
operation, and the catalase activity of 
the livers was determined. Five days 

1 Partial removal of the tumor results in a temporar. 
rise in the liver catalase activity which appears to be 
roughly proportional to the amount of tumor removed. 


Only on complete excision of the tumor does the liver cata- 
ase activity return completely to the normal level. 


following removal of the lobes, the re- 
mainder of the animals were operated 
upon, and the tumors were removed. 
At selected intervals after the latter opera- 
tion, the animals were decapitated, and the 
liver catalase activity was determined. 
The data are given in table 5. 

The data in table 5 reveal that regenerat- 
ing liver in the tumor-bearing animals has 
about the same order of catalase activity 
as that of nonregenerating liver in these 
animals. During the first 2 days of regen- 
eration, the activity of the former liver is 
somewhat higher than that of the latter 
but is very much lower than that of regen- 
erating liver or normal liver in normal 
animals. After the first 2 days the activity 
of the regenerating liver in the tumor- 
bearing animals is the same as that of 
nonregenerating liver in these animals. 


TasBLe 5.—Regenerating liver in rats bearing the 
transplanted hepatic tumor 


Age}of rat or tumor! Total | Evolu- 


Tissue or period after re- | in | tion of 
ortobes tumors | extract | oxygen 


| Milli- 
| grams | Cubic 
per | centi- 
| cubic — meters 


| centi- | per 
| 
Normal rat livers...| Rats 5 weeks to 1 BF 
year old. 5 
Livers of rats carry- 
ing transplanted if 
hepatic tumor |f!Umors weeks old.) | 
No. 31. 


Regenerating liver 
from normal rats. 


Rats 8 weeks old; 
livers regenerating 
1-10 days. 


— 


| 
| 
24 hours re- i{ 
moval of lobes 3 | 1 
Regenerating liver hours after Tre- { -6 3 
from rats carry- moval of lobes. 
ing 4-weeks-old hours after re- { .6 | 
transplanted he- || moval of lobes. 3 | . 03 
patie tumor. hours after re- { | 
moval of lobes. 1 . 08 
1 day after removal 
of tumor; 6 days | 6) 1.0 
Regenerating liver after removal of at | 
from rats carry- lobes. } 
ing 4-weeks-old ||2 days after remov: al 
transplanted he- of tumor; 7 days { .6 1.6 
patie tumor, after removal of 
from which the lobes. 
tumors had been ||3 days after removal 
removed. of tumor; 8 days { 6 1.8 
after removal of 3 -5 
lobes. 


1 The age of the tumor refers to the time elapsed since 
implantation. 
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The removal of the tumor from rats whose 
livers are still regenerating causes sub- 
stantially the same effect in these livers as 
is shown in table 4 on nonregenerating 
livers. The activity of the liver is almost 
restored after 24 hours following removal 
of the tumor and is wholly restored by 48 
hours after the operation. 


Tue THYMONUCLEODEPOLYMERASE ACTIV- 
ITY OF THE SPLEENS OF NORMAL AND OF 
TUMOR-BEARING RATS 


It is of some interest to see whether the 
enzymatic activity of organs other than the 
jiver are affected by the fact that the ani- 
mal concerned is bearing a transplanted 
hepatic tumor. We mentioned briefly in 
an earlier report (7) that the catalase 
activity of the kidneys of rats carrying 
4-week-old transplanted hepatic tumors 
was about one-half that of the kidneys of 
normal animals. It has been observed 
that the spleens of the tumor-bearing 
rats are about double the size and weight 
of the spleens in normal animals. This 
organ in either kind of rat is nearly devoid 
of measureable catalase activity. It has, 
however, marked thymonucleodepolyme- 
rase activity, and a study of this enzyme 
was made on the spleens from normal and 
from tumor-bearing rats. The method of 
measuring the activity of this enzyme has 
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Ficure 2.—The effect of spleen tissue extracts 


on thymonucleate. Ordinate, relative viscosity; 
abscissa, time of incubation. 
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been described previously (3). The results 
are depicted in figure 2. 

It is apparent that the spleens from both 
sources were practically identical in thy- 
monucleodepolymerase activity, despite 
the fact that these organs from the tumor- 
bearing animals were about twice as large 
and as heavy as those from normal rats. 


DISCUSSION 


The greatly lowered catalase activity of 
the livers of rats bearing the transplanted 
tumors presents a phenomenon which at 
present is difficult to explain. That it is 
the presence of the tumor which causes 
this effect is revealed by the rapid restora- 
tion of the catalase activity within a day 
or two following removal of the hepatic 
tumor. Evidently no very deep rooted or 
permanent effect on the liver was pro- 
duced by the presence of the tumor. The 
fact that the changes in the activity of the 
liver catalase were capable of repetition 
by making a second inoculation of the 
tumor into an animal from which the 
first tumor had been removed strengthens 
the belief that it is the presence of the 
tumor that produces the effect on the 
liver. The magnitude of this effect, as 
reflected by the lowering of the liver cata- 
lase activity, appears to be the same at the 
same stage of growth of both the first and 
second tumors. The apparent rate of 
recovery of the liver catalase following 
extirpation of the second tumor is the 
same as that following extirpation of the 
first tumor. Again, the catalase activity 
of the first and second tumors is the same. 
The possibility that inanition might be a 
contributing factor to the low liver cata- 
lase activity of the tumor-bearing animal 
can be ruled out (table 3). The fact that 
starvation from 1 to 3 days caused no 
appreciable effect on the liver catalase 
activity of either normal or tumor-bearing 
animals is interesting. 
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It is possible that the effect of the trans- 
planted tumor on the liver catalase is 
elicited by a toxic substance produced in 
the tumor and carried by the blood to the 
liver. Preliminary studies on the blood 
catalase of tumor-bearing rats revealed 
no significant difference from that of 
normal animals (unpublished observa- 
tions). However, it is likely that the toxic 
substance, if it exists, would be present in 
the blood stream at any one time in only 
very minute amounts, and the investiga- 
tion of the blood catalase under our 
present conditions, therefore, would not 
provide a fair criterion of the presence of 
such a substance. In spite of the ad hoc 
character of the hypothesis, it is evident 
that some material is produced by the 
tumor which travels to the liver via the 
blood stream, and there causes by some 
toxic action a very marked lowering of 
ihe catalase activity. The tumor must 
necessarily reach a certain stage of growth 
in order to do this. When the tumor is 
removed, the catalase activity of the liver 
is rapidly restored to normal. If a second 
tumor is inoculated, the liver catalase 
activity again drops. When this second 
tumor is removed, the catalase activity is 
once more rapidly restored to normal. 
In the face of such evidence, it is difficult to 
avoid the idea that the tumor is directly 
responsible for the lowered liver catalase 
activity, and that its action at a distant 
site could only be achieved by sending 
material through the circulatory system 
to that site. The situation is somewhat 
analogous to postulating the presence of 
an enzyme whose intrinsic nature is 
unknown but whose presence in a tissue 
is assumed because of the effect it pro- 
duces. Further investigations are ob- 
viously desirable and are being made at 
present. 

It must be borne in mind, however, that 
certain enzyme systems in the rat liver are 


not affected by the presence of the trans- 
planted hepatic tumor (/). The activity 
of amylase, xanthine dehydrogenase, and 
thymonucleodepolymerase is the same in 
the livers of tumor-bearing and normal 
rats. Arginase activity, however, is dis- 
tinctly lowered in the livers of rats carry- 
ing the No. 31 hepatic-tumor transplant 
(2), while catalase is lowered very much 
more than the arginase. It would seem, 
granted the above toxic-substance hypo- 
thesis, that the material elaborated by the 
tumor will affect only certain enzyme sys- 
tems, leaving others apparently untouched. 
It is possible, if many more enzyme sys- 
tems of the liver were investigated, that 
other enzymes than the three above-men- 
tioned would be found to be unaffected by 
the presence of the tumor transplant, while 
still others might be found even more dras- 
tically affected than catalase. Further 
studies along these lines are necessary be- 
cause a wider knowledge of which enzyme 
systems are affected and which are un- 
affected would provide a clue as to the 
nature of the possible toxic material.” 
The fact that the regenerating rat liver 
in the presence of the transplanted tumor 
has a catalase activity of the same order as 
that of nonregenerating liver in a tumor- 
bearing animal is not altogether surprising 
since the catalase activity of regenerating 
and normal livers in normal rats is the 
same (7). In the period of most rapid re- 
generation of the liver, that of the first day 
or two, the catalase activity of the regener- 
ating liver in the tumor-bearing animals is 
not quite so low as that characteristic of 
nonregenerating liver and of later regener- 
ating liver in tumor-bearing animals. It 
would seem as if the influence of the tumor, 
brought about directly by a possible blood- 
2We have observed that the effect of a transplanted 
tumor on the liver catalase is not confined to rats but 
occurs in several strains of mice bearing certain spon- 


taneous and transplanted tumors. The data will be 
published later. 
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borne toxic material, was largely, but not 
fully, effective on the rapidly growing liver 
in the early stages of regeneration. Re- 
moval of the tumor from rats whose livers 
were in the later regenerating period pro- 
duced a restoration of the normal level of 
liver catalase activity similar to the results 
on nonregenerating liver. 

The effect of age of the tumor on the 
liver catalase follows a striking course. 
The presence of a 1-week-old tumor causes 
the liver catalase to be almost twice as 
active as normal rat liver. With further 
growth of the tumor, there is a steady de- 
crease in the liver catalase activity until the 
tumor is about 4 weeks old when the level 
remains nearly constant. The activation 
of liver catalase during the early develop- 
ment of the tumor is difficult to interpret 
at the present time, and further studies are 
needed to elucidate this point. 

Microscopic examination of sections of 
liver of animals bearing the hepatic- 
tumor transplant No. 31 for 4 weeks after 
inoculation showed no deviation from the 
normal cell structure. This is interesting 
in view of the fact that the presence of the 
tumor at this stage caused a very marked 
lowering of the liver catalase activity. 


SUMMARY 


The liver catalase activity of rats carry- 
ing the Jensen sarcoma at 3 weeks and of 
rats carrying the transplanted hepatic 
tumor No. 31 at 4 weeks is about one- 
tenth that of normal rat liver. Studies of 
the effect of age of the hepatic tumor re- 
vealed a marked activation of the liver 
catalase when the tumor was 1 week old; 
with increasing age of the tumor the cata- 
lase activity of the liver decreased, reach- 
ing a constant level at about 4 weeks. 


Extirpation of the hepatic tumor caused 
a rapid restoration of the liver catalase 
activity which reached the normal level 
between 24 and 48 hours. Inoculation of 
a second tumor in animals from which the 
first tumor had been removed caused again 
a drop in liver catalase activity to the level 
produced by the presence of the first tumor 
at an equal stage of growth. Removal of 
the second tumor produced the same rate 
of restoration of the normal level of liver 
catalase activity as did removal of the first 
tumor. The catalase activity of the first 
and of the second tumor was the same. 

Starvation from 1 to 3 days produced no 
appreciable effect on the liver catalase 
activity of either normal or of tumor- 
bearing rats. 

Rat livers regenerating in animals bear- 
ing the transplanted hepatic tumor had a 
liver catalase activity of the same order 
as nonregenerating livers in animals bear- 
ing this tumor. Removal of the tumor 
caused a rapid restoration of the liver 
catalase activity to the normal level. 

The effect produced by the presence of 
the transplanted tumor has been tenta- 
tively interpreted as being due to the elab- 
oration by the tumor of a toxic material 
which travels by way of the circulatory 
system to the liver and there causes directly 
or indirectly a lowering of the catalase 
activity. The ramifications offered by 
this suggestion are discussed. 

The thymonucleodepolymerase activity 
of the spleens of rats bearing the trans- 
planted hepatic tumor was compared with 
that of the spleens of normal animals. 
Despite the fact that the spleens of the 
former are about double in size and in 
weight those of the latter, the activity of this 
enzyme in both was practically identical. 
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INTRODUCTION 

The relative activity of a number of 
enzyme systems in the transplanted rat 
hepatic tumor No. 31 reported 
previously (/—3). Theeffectof the presence 
of the transplanted tumor on the enzy- 
matic activity of the livers of tumor-bearing 
rats was also investigated (7, 3, 4). It was 
found that the ratio of activity in the 
hepatic tumor to that in normal rat liver 
was different for each enzyme studied. 
Thus, the ratio for catalase was about 
1: 1,000, whereas the ratio for amylase 
wasabout1:1. Of great interest was the 
observation that the catalase activity of the 
livers of rats bearing either the trans- 
planted hepatic tumor or the Jensen sar- 
coma was about one-tenth that of normal 
rat livers. 

It was considered desirable to extend 
enzymatic studies of this nature to a wide 
variety of mouse tumors for the obvious 
reason that any conclusions that might be 
drawn or hypotheses even tentatively ad- 
vanced on the basis of the study of tumors 
in a single species of animal, would be 
incomplete and unwise. Earlier the rela- 
tive arginase activity of a number of mouse 
tumors and comparable normal tissues (7) 
was reported. The present communica- 
tion reports the relative activity of xanthine 
dehydrogenase, thymonucleodepolymer- 
ase, and catalase in a transplanted mouse 
lymphoma and in the spontaneous mam- 
mary tumors and transplanted hepatic 
tumors of two strains of mice. The normal 


mouse tissues for comparison are, respec- 
tively, lymph nodes and bone marrow, 
hyperplastic mammary tissue induced by 
stilbestrol, and liver. In addition the rela- 
tive amylase activity of the hepatic tumors 
and normal mouse livers has been deter- 
mined. Datahave been obtained, there- 
fore, of the enzymatic activity not only of 
tumors in two different species of animal, 
and not only of various kinds of tumors 
in each species, but also on several enzyme 
systems in each tumor. 

Finally, some preliminary data are re- 
ported on the catalase activity of the livers 
of mice carrying certain tumors. Since 
this particular study forms part of an ex- 
tended investigation which will be reported 
in detail in a subsequent paper on the 
possible systemic effects of spontaneous, 
induced, and transplanted mouse tumors, 
only a brief mention is made of some of the 
results obtained thus far. 


EXPERIMENTAL PROCEDURE 


The various tissues studied were ex- 
tracted and the enzymatic activity of the 
extracts determined, exactly as described 
earlier for the rat tissues (3). In every 
case the tissue used was removed from the 
animal immediately after death. The 
tissue was ground to a paste, taken up in 
three times its weight of distilled water, 
and the mixture allowed to stand at 8° C. 
for 18 hours. The extract was then centri- 
fuged and the total N determined in an ali- 
quot of the supernatant. For each enzy- 
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matic determination, the supernatant was 
diluted with distilled water to a definite N 
concentration. The reasons for employing 
tissue extracts on this concentration basis 
were extensively discussed in a previous 
report (4). It need only be added that 
when this procedure is used, the differ- 
ences in enzymatic activity of the same 
tissue in different mice are rarely greater 
than 50 percent and are frequently less. 
The variability in mice is somewhat 
greater than in rats, for in tissues of the 
latter animals we found variations in en- 
zymatic activity of individual rats to be 
rarely greater than 30 percent. In any 
event, the tissues from several animals 
were used in the present study for each 
series of enzymatic determinations. 

The procedures for the enzyme studies 
were described in detail in earlier reports 
(2, 3, 4) and were followed exactly in the 
present studies. 


‘THYMONUCLEODEPOLYMERASE 


The activity of thymonucleodepoly- 
merase was studied in the transplanted 
hepatic (I x dilute brown and C3H) tu- 
mors and in the transplanted lymphoma 
No. 72942 (strain A).' Normal mouse 
tissues used for comparison were, respec- 
tively, liver, and lymph nodes and bone 
marrow. The enzymatic technique has 
been described (2). The hepatic tumor 
was in the F, generation of the hybrid 
mice. 

The results on the mouse hepatic tissues 
are given in figure 1. 

There is apparently a marked difference 
between the activity of the hepatic tumors 
in the two strains of mice. The depoly- 
merase activity of the C3H mouse tumor 
is much greater than that of normal liver, 
whereas the activity of the I X dilute 

1 A brief description of the hepatic tumors was given 


earlier (1). The hepatic tumors in C3H mice were 
kindly furnished by Dr. J. W. Thompson. 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 


T T 
50}- 
@+ NORMAL MOUSE LIVER - 1,23 per Cc, 
30 @ > MOUSE - HEPATIC TUMOR 1.25 “ Can 


“ bas IxD& 


a: 
CONTROL 


° 
MINUTES 


Ficure 1.—Thymonucleodepolymerase activity 
of mouse hepatic tissues. Ordinate, relative vis- 
cosity; abscissa, time of incubation. 


brown mouse tumor is somewhat weaker. 
We have found no difference in the de- 
polymerase activity of the normal livers of 
these two strains. The difference in 
activity, however, between the trans- 
planted hepatic tumors in the two strains 
is very great. 

In figure 2 are given the results on the 
mouse lymphatic tissues. 

The most striking observation in the 
case of the lymphatic tissues is the ex- 
tremely high depolymerase activity of 
normal mouse lymph nodes. The latter 
tissue possesses by far the greatest activity 
of any of the mouse or rat tissues studied 
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Figure 2.—Thymonucleodepolymease activity of 
mouse lymphatic tissues. Ordinate, relative vis- 
cosity; abscissa, time of incubation. 
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to date. The lymphoma is very much 
weaker in activity than the lymph nodes 
and is slightly weaker than normal bone 


marrow. 
AMYLASE 


The amylase activity of normal mouse 
liver and of the transplanted hepatic 
tumors from C3H and from I x dilute 
brown mice was determined as before (3). 
The data are collected in table 1. 

The data in table 1 reveal that the 
amylase activity of the two transplanted 
hepatic tumors is quite different. The 
activity of the tumor in C3H mice is 
greater than that of either normal mouse 
liver or of the tumor in I dilute brown 
mice. The amylase activity of the latter 
two tissues appears to be about the same. 
The amylase activity of the normal livers 
of both strains is also the same. 


XANTHINE DEHYDROGENASE 


The activity of xanthine dehydrogenase 
was determined as heretofore (3) on the 
hepatic, mammary, and lymphatic mouse 
tissues described above. The data are 
given in table 2. 


TABLE 1.—Amplase determination ' 
{Incubation temperature 39° C.] 


Time | 0.02 N 
Tissue | tionof (ofineu-| thiosul- 
extract | bation fate 


Milligrams | Cubic 
N per cubic | centi- 
centimeter | Ilours meters 


} 1 3.1 
{ 2.6 | 2 4.0 
Trang lanted hepatic tumor | | 4 4.6 
1.3 2) 3.0 
| 4 | 3.9 
J 1 17 
Transplanted hepatic tumor 2.6 | | 
in I X dilute brown mice_. H 13 
1.3 { 2 | 2.1 
4) 3.1 
| 1 1.6 
2.6 2 2.9 
Normal mouse livers 
1.3 2) 2.1 
| 4 3.2 


1 Data in the last column represent the difference in titer 
of the mixture with and without added glycogen minus the 
value due to the originul reducing groups of the glycogen. (gy 


TasLe 2.—Xanthine dehydrogenase activity at 25° C. 


[Test: 1 ce. tissue extract+1 cc. M/5 phosphate buffer of 
om 6.94+-1 ce. xanthine solution (0.0016 M)+1 ec. methylene 

ue (0.00124 M). Control: Same as test except 1 cc. water 
substituted for the substrate. In every case more than 5 
hours requited for decolorization.] 


| 


| Time of 
Tissue | extract | 
per cubic 

centimeter Minutes 
Transplanted hepatic tumor in | { 2.6 38 
1.3 | 60 
Transplanted hepatic tumor in | X 2.6 10 
I X dilute brown mice _- 1.3 | 25 
Normal mouse liver_______. 
Spontaneous mammary comers { 2.6 | 30 
in C3H mice - 1.3 | 7. 
Hyperplastic mouse mammary { 2.6 46 
tissue induced by stilbestrol __ 1.3 113 
Transplanted lymphoma No. | { 2.6 25 
72942 in A mice. 1.3 48 
Normal mouse lymph nodes. _- { >a 
| 2.6 | 45 
Normal mouse bone marrow. __- { 13 | 100 


Table 2 reveals the considerable dif- 
ference in the enzymatic activity of the 
transplanted hepatic tumors in the two 
strains of mice. The xanthine dehydro- 
genase activity of the tumor in the I X 
dilute brown strain is identical with that 
of normal mouse liver. On the other 
hand, the activity of the tumor in C3H 
mice is much less than that of either of the 
former two tissues. 

The xanthine dehydrogenase activity of 
the spontaneous mammary tumor is 
slightly greater than that of hyperplastic 
mammary tissue. The activity of the 
transplanted lymphoma is very much 
greater than chat of normal lymph nodes, 
and about twice as great as that of normal 
mouse bone marrow. 


CATALASE 


The activity of catalase in hepatic, 
mammary, and lymphatic tissues of the 
mouse was determined as described earlier 
(3, 4). The data are collected in table 3. 

Table 3 shows the considerable differ- 
ence in enzymic activity between the trans- 
planted hepatic tumors in the two strains 
of mice. The catalase activity of the tumor 
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Taste 3.—Catalase activity of mouse tumors and 
normal control tissues 

{Temperature 27° C. 1.0 ce. of 29 percent hydrogen peroxide 
added to mixture of 1.0 ec. extract plus 5 ec. of M/5 phos- 
phate buffer at pH 6.9.) 


Concentra- | Rate of 
Tissue tion of oxygen 
extract evolution 
Milligrams | Cubic cen- 
N per cubic | timeters per 
centimeter secon 
Transplanted hepatic tumors inf 3.0 0. 25 
C3H mice. \ 1.5 
3.0 3.3 
Transplanted hepatic tumors in 1.5 1.9 
I X dilute brown mice A 
Normal livers in C3H mice { a a3 
Normal livers in I X dilute f 6 2.4 
brown mice 3 
Spontaneous mammary tumors { 3.0 09 
in C3H mice. 15 
Spontaneous mammary tumors { 3.0 09 
in A mice 1.5 05 
Hyperplastic mouse mammary 3.0 
tissue induced by stilbestrol 15 
Transplanted lymphoma No. 3.0 04 
72912 in A mice 1.5 02 
Normal mouse lymph nodes - { 
Normal monse bone marrow 3.0! 06 


in C3H mice is much less than that in I x 
dilute brown mice. Bothtumorsareinturn 
much less active than normal mouse liver. 
In contrast with that of the hepatic 
tissues, the catalase activity of the spon- 
taneous mammary tumors in two different 
strains of mice, as well as that of the hyper- 
plastic mammary tissue, is practically the 
same for all three tissues.2. The activity of 
the transplanted lymphoma is distinctly 
less than that of either normal lymph 
nodes or bone marrow. In general, it ap- 
pears that the catalase activity of the mam- 
mary and the lymphatic tissues is much 
lower than that of hepatic tissues. 


PRELIMINARY STUDIES OF THE 
CATALASE ACTIVITY OF THE 
LIVERS OF MICE CARRYING 
SPONTANEOUS AND TRANS- 
PLANTED TUMORS 


We have observed that the liver catalase 
activity of mice bearing the following 
tumors is considerably lower than that of 
normal mouse liver: transplanted hepatic 
tumors in I dilute brown mice, spon- 


2The strain A spontaneous mammary tumor was 


kindly furnished by Dr. Heston. 


taneous mammary tumors in both C3H 
and A strains, lymphoma No. 72942 in A 
mice, hemangiomas in C mice, and sar- 
comas S37 and CR180 in dilute brown 
mice. In the case of the spontaneous 
mammary tumors, no change from the 
normal in the liver catalase activity was 
noted until the tumors were about 5 to 6 
weeks beyond the point when they were 
first palpable. The lowering of the liver 
catalase activity was most marked in 
animals carrying the S37 tumor. Tumors 
which apparently did not affect in any 
way the normal level of liver catalase in 
the tumor-bearing animals included the 
transplanted hepatic tumor in C3H mice, 
the transplanted intestinal tumor in A 
mice, and the transplanted melanoma in 
dilute brown mice. The normal liver 
catalase activity of each of the above- 
mentioned strains was determined and 
found to be practically the same for all. 
Complete details of these and of investiga- 
tions at present being conducted along 
this line will be presented in subsequent 
papers. 


DISCUSSION 


The advisability of studying several 
enzyme systems in each type of tumor 
studied is clearly revealed by the data 
obtained in this and earlier investigations. 
Where one enzyme will be more active in 
the tumor than in the normal control 
tissue, another may be either equally or 
less active. The direction in activity which 
a normal tissue takes when it becomes ma- 
lignant cannot be defined in terms of any 
single enzyme system. As stated earlier 
(3), it seems quite likely that the enzyme 
systems of a particular normal tissue are 
affected in varying degrees by the altera- 
tion of the tissue into a tumor. Thus it 
has been shown in the comparison of 
normal rat livers and rat hepatic tumors 
that whereas the catalase activity of the 
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tumor is about a thousand times less than 
that of normal liver, the amylase activity 
of the two tissues is the same (3). Similar 
results have been obtained in the study of 
the mouse tumors reported in this paper 
and have extended the field beyond that 
developed by the earlier studies. 


TRANSPLANTED HEpatic TuMorRS 


With one exception, the activity of the 
enzymes in the tumors in the C3H and the 
I dilute brown mice appear to be differ- 
ent. The exception is arginase, which has 
been reported to be equally active in 
transplanted hepatic tumors of C3H and 
of I mice (7). Lest some doubt arise as 
to the advisability of considering the 
arginase activity of tumors in I mice in 
connection with the series of studies on 
tumors in the I dilute brown hybrids, 
we determined the arginase activity of 
the transplanted hepatic tumor in the 
latter animals and found it to be identical 
with that of the former (unpublished obser- 
vations). It should be mentioned that the 
arginase activity of the transplanted tumors 
is extremely low as compared with that of 
normal livers (7). 

The thymonucleodepolymerase activity 
of the transplanted hepatic tumor in rats 
is slightly Jower than that of normal rat 
liver (2). In tumors of C3H mice, this 
enzyme is much more active than in 
normal mouse liver; in tumors of I 
dilute brown mice, the activity is slightly 
less than that of normal liver. In rats, 
the tumor amylase activity is equal to 
that in normal liver. In C3H mice 
the tumor amylase activity is much 
greater than in normal liver whereas in 
I X dilute brown mice the activity of the 
tumor and of normal liver is the same. 
In rats and in C3H mice the tumor 
xanthine dehydrogenase is lower than 
that in the corresponding normal livers; 
in I X dilute brown mice the activity 

425485—41———7 


is the same as that of normal mouse liver. 
Finally, in the transplanted hepatic tumor 
in both rats and the two strains of mice, 
the catalase activity, like the arginase 
activity, is very much lower than that of 
the respective normal livers of each 
species. In connection with the com- 
parison of the catalase activity of the 
hepatic tissues in both species of animals, 
it is interesting to note that the differences 
in activity between liver and tumor is 
very much greater in the rat than in the 
mouse. The activity, however, of each 
enzyme is greater in mouse than in 
comparable rat tissues. 

The differences in enzymic activity of 
the hepatic tumors in the two strains of 
mice is difficult to interpret at the present 
time. A further difference between the 
two tumors is revealed by the activity of 
the liver catalase of animals of each strain 
bearing the respective tumors, for while 
the activity of the C3H mouse livers re- 
mains at the normal level, the activity of 
the I & dilute brown mouse livers is much 
lower than that of the livers of normal 
mice. The tumor in the C3H mice is 
very slow growing. It was studied after 
it had grown about 9 months since the 
date of implantation. On the other hand, 
the tumor in the I X dilute brown mice 
grows very quickly, and it was investigated 
about 2 weeks since the date of implanta- 
tion. Further studies are obviously needed 
to clarify the observations on tumors with 
such different rates of growth, and _ in- 
vestigations along this line are proceeding 
at the present time. 


SPONTANEOUS MAMMARY TUMORS 


It was reported that both the arginase 
activity (7) and the depolymerase activity 
(2) of the spontaneous mammary tumors 
in mice were greater than that of hyper- 
plastic mammary tissue induced by sub- 
cutaneous stilbestrol administration. The 
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results described in the present paper 
indicate that while the same conclusion 
may be drawn in the case of xanthine 
dehydrogenese, the catalase activity of the 
mammery tumer and of the hyperplastic 
breast is prectically the same. The cata- 
lase activity of the spontaneous tumors in 
both the C3H and the A strains was the 
same; the arginase activity of the spon- 
taneous mammary tumers in the C3H 
strain and in the C57 & A hybrids was also 
the same (7). 


TRANSPLANTED LyMpHOMA No. 72942 


In the comparison cf the enzymic 
activity of this tumer with that of normal 
lymph nodes there is again encountered, 2s 
in the case of the hepatic and the mammary 
tumers, relatively small differences be- 
tween certain enzyme systems and 
enormous differences between 
The arginase activity of this 
is nearly the same as that of nore 
mal lymph nodes (/). The xanthine 
dehydrogenase activity in the tumor is 
considerably greater than in the nodes cr 
in normal bone marrow. On the other 
hand, the depolymerase activity and the 
catalase activity in the tumor are both 
considerably weaker than in the normal 
nodes or in normal bone marrow. 


others. 
tumor 


SUMMARY 


The activity of thymonucleodepoly- 
merase, amylase, xanthine dehydrogenase, 
and catalase were determined in trans- 
planted hepatic and lymphatic tumcrs and 
in spontaneous mammary tumors in mice. 
The activity of these enzymes were com- 
pared with that derived from normal con- 
trol tissues, respectively, liver, lymph 
nodes and bone marrow, and hyperplastic 
breast. Previously reported data on the 
activity of these enzymes in normal and 
tumor tissues of the rat, as well as earlier 
data on the arginase activity of both rat 
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and mouse tissues, were used for com- 
parison. 

The following enzymes had very nearly 
the same activity in the tumor and in the 
comparable normal tissue: arginase in 
mouse lymphatic tissue, amylase in rat 
hepatic and in I x dilute brown mouse 
hepatic tissues, xanthine dehydrogenase in 
I dilute brown mouse hepatic tissues, 
and catalase in mouse mammary tissues. 
The catalase and the arginase activity of ' 
the hepatic tumors in rats and in mice was 
invariably lower than in the normal livers 
of each species. The depolymerase activ-* 
ity of the rat and I & dilute brown mouse 
hepatic tumors and of the mouse lymph- 
oma was lower and that of the C3H mouse 
hepatic tumor and of the spontaneous mam- 
mary tumor was higher than that deter- 
mined in the comparable normal control 
tissues. The xanthine dehydrogenase activ- ' 
ity of the rat and the C3H mouse hepatic 
tumors and of the spontaneous mammary 
tumor was lower and that of the mouse 
lymphoma was higher than in the compar- 
able normal control tissues. The catalase ~ 
activity of the lymphoma, the arginase ac- 
tivity of the spontaneous mammary tumors, 
and the amylase activity of the C3H mouse 
hepatic tumor was greater in each case 
than the activity of the corresponding 
normal control tissue. 

Although the transplanted hepatic 
tumors in the C3H and in the I & dilute 
brown mice have the same arginase 
activity, they differ considerably in the 
activity of all the other enzymes studied. 
The two tumors have markedly different 
rates of growth. 

A comparison of the activity of each 
enzyme in comparable rat and mouse 
tissues revealed the relatively greater 
activity in the mouse tissues. 

A preliminary report is made of the liver 
catalase activity of mice bearing trans- 
planted and spontaneous tumors. 
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and in the milk and sera of several species. 
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Ribonuclease and Thymonucleodepoly- 
merase 


By Jesse P. GREENSTEIN, research fellow, and WENDELL V. JENRETTE, junior physiologist, 
National Cancer Institute, National Institute of Health, United States Public Health Service 


Until comparatively recently it was be- 
lieved that ribonucleic or yeast nucleic 
acid was found only in plants, whereas 
desoxyribosenucleic acid or thymonucleic 
acid was found only in animal tissues. This 
viewpoint has changed because of the fol- 
lowing: (1) The isolation of ribosenucleic 
acid from the pancreas (/); (2) the isolation 
in crystalline form of ribonuclease from the 
pancreas (2); and (3) the detection of 
desoxyribosenucleic acid in plants (3-3). 
The problem of the distribution of the two 
types of nucleic acid has been further de- 
fined by assigning desoxyribosenucleic 
acid to the nuclei of both plant and animal 
tissue and ribosenucleic acid to the cyto- 
plasm (3-5). 

We reported earlier the presence of an 
enzyme in animal tissues which depoly- 
merizes desoxyribosenucleic acid (6). To 
this enzyme was given the name thymo- 
nucleodepolymerase. It occurred to us 
that if plant tissues contain desoxyribose- 
nucleic acid, it is probable that they also 
contain the appropriate depolymerase. In 
order to test this possibility, thymonucleic 
acid was incubated with extracts of the 
germ of several varieties of plant seeds. 
The results of this study are reported 
herein. 

Of more fundamental interest, however, 
is the question of whether the enzyme 
which depolymerizes desoxyribosenucleic 
acid is identical with the enzyme which 
depolymerizes ribosenucleic acid. It is 
possible to suggest a satisfactory answer to 
the problem by the use of crystalline ribo- 
nuclease, an enzyme isolated from beef 
pancreas by Kunitz (2). This enzyme 


rapidly depolymerizes ribosenucleic acid. 
Through the kindness of Dr. Kunitz we 
obtained an amount of the crystalline 
enzyme and studied its effect on desoxy- 
ribosenucleic acid. For supplemental in- 
formation we investigated the thymo- 
nucleodepolymerase activity of extracts 
of beef pancreas and of calf thymus. 

The extracts of the seed germs and of the 
animal tissues were prepared in the same 
fashion as that described earlier (6). In 
every case, the extract after careful centrif- 
ugation was made up to a definite concen- 
tration, described in milligrams of total N 
per cubic centimeter. The crystalline 
ribonuclease dissolved readily in water and 
was made up in several concentrations. 
These solutions served as the enzyme 
sources. The substrate as before was 
sodium thymonucleate (preparation No. 
2 (7)), made up in 1-percent aqueous solu- 
tion. After equal volumes of enzyme and 
substrate were mixed, an aliquot of the 
mixture was transferred to a viscometer 
and the rate of viscosity was measured. 
The external pressure was held constant 
at 16 cm. water, the incubation tempera- 
ture was 30° C., and the pH was 6.9 to 
7.0. Acomplete description of the method 
used for this kind of study, together with 
an explanation of the graphical represen- 
tation of the data, is given in the previous 
paper (6). 

The data for the effect of the plant-germ 
extracts on thymonucleate are given in 
figure 1. The germs of the seeds of the 
lima bean, sunflower, wheat, corn, and 
pumpkin were used. It is clear that all of 
the extracts studied contain a factor which 
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depolymerized thymonucleate. All the 
extracts appear to have nearly equal 
enzymic activity. 

The data for the effect of crystalline 
ribonuclease, as well as those of the 
animal-tissue extracts, are given in figure 
2. The ribonuclease up to a concentra- 
tion as high as 8 mg. of protein per cubic 
centimeter had no effect upon thymonu- 
cleic acid other than that shown by any 
inert protein (6). The effect of such pro- 
teins as crystalline egg and horse-serum 
albumin is to decrease the viscosity and 
streaming birefringence of thymonucleate 
to a value in proportion to the concentra- 
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Figure 2.—The effect of ribonuclease and of 
tissue extracts on thymonucleate. Ordinate, 
relative viscosity: abscissa, time of incubation. 
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tion of protein used. After this initial 
drop, however, there is no further lowering 
of these properties with time, such as 
occurs in tissues which contain a depoly- 
merizing factor. As before (6), a careful 
distinction should be made between enzy- 
matic depolymerization, which is a dy- 
namic process leading ultimately to a 
complete breakdown of thymonucleic acid 
to its constituent nucleotides, and inert 
protein or salt depolymerization, which 
after an initial practically instantaneous 
drop in the degree of thymonucleate 
polymerization remains at a constant level 
indefinitely. The rate at which the rela- 
tive viscosity of the digestion mixtures in 
the former process approaches the value 
of water is a measure of the enzymatic 
activity of the tissue. The stationary 
degree of fall in viscosity in the latter 
process is a function only of the concentra- 
tion of inert agent and the nature of the 
chemical groupings of the latter. 

Toward thymonucleic acid, therefore, 
ribonuclease behaves as an inert protein.' 
On the other hand, it is evident that the 
extract of beef pancreas, a tissue in which 
the crystalline ribonuclease is found in 
relatively high amounts, shows very great 
thymonucleodepolymerase activity. The 
latter is illustrated by the fact that within 
15 minutes the relative viscosity of the 
mixture dropped from about 50 to little 
more than unity (fig. 2). The activity of 
extracts of calf thymus has been included 
because this tissue was the source of the 
substrate studied. The depolymerase 
activity of the thymus is considerably less 
than that of the pancreas. 

The present data reveal the presence of a 
depolymerizing factor in plant tissues for 
thymonucleic acid. The possibility of the 
occurrence of the latter in plant tissues is 

1 This preparation of ribonuclease was highly active 


in depolymerizing yeast nucleic acid, as revealed at very 
low concentrations of the enzyme. 
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thereby strengthened and confirms the 
contemporary view that no distinction 
should be made between plant and animal 
nucleic acid. If desoxyribosenucleic acid 
is confined to the nuclei of plant and 
animal cells (3-6), it seems highly probable 
that the enzyme which affects its state of 
aggregation must also exist exclusively in 
the nuclei. 

The lack of any enzymatic effect of 
crystalline ribonuclease on thymonucleic 
acid indicates that each type of nucleic 
acid requires its own specific enzyme for 
depolymerization and, as a corollary, that 
the molecular structure of each nucleic 
acid is fundamentally different. That this 
difference in enzyme effect is not neces- 
sarily due to the differences in degree of 


polymerization of the two nucleic acids is 
suggested by the fact that ribonuclease in 
a concentration sufficiently high to reduce 
the viscosity of a thymonucleate mixture 
to one-fifth of the original value and 
hence the degree of polymerization by 
roughly a comparable amount, still does 
not exert any enzymatic activity. The 
highly active thymonucleodepolymerase 
effect of the pancreas, from which ribonu- 
clease is isolable, also indicates that a 
factor differing from the ribonuclease is 
present. Further study, however, is de- 
sirable, particularly with a view toward 
isolating the thymonucleodepolymerase 
in purified form. Efforts in this direction 
are being made at present. 
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Note on the Composition of the Nucleo- 
protein Fraction of Normal Liver and 
of the Transplanted Hepatic Tumor 


in the Rat 


By Jesse P. GREENSTEIN, research fellow, WENDELL V. JENRETTE, junior physiologist, and 
Jutius Wurre, research fellow, National Cancer Institute, National Institute of Health, United 


States Public Health Service 


When a normal tissue becomes malig- 
nant, it is of considerable interest in the 
chemical characterization of such a 
process to know whether changes in the 
general composition of the former tissue 
occur. As an example of this type of 
study we chose to investigate the composi- 
tion of the nucleoprotein fraction of the 
following pair of comparable _ tissues: 
normal rat liver and transplanted hepatic 
tumor No. 31 in rats of the Osborne- 
Mendel strain. In an earlier report, the 
preparation and composition of this pro- 
tein fraction from normal liver, as well as 
the reasons for its study, were described (/). 
Since then a considerable quantity of the 
tumor transplants has been made avail- 
able, and in the present communication a 
brief report of the composition of the com- 
parable fraction from this tissue is given.! 

The preparation of the nucleoprotein 
fraction from the hepatic tumor followed 


1 We are indebted to Dr. J. W. Thompson for much 
of this material. 


exactly the method described earlier for 
the normal liver tissues (7). The physical 
properties of this fraction appeared to be 
identical with those from the normal tissue. 
The yield of dried protein was abovt 0.6 
percent of the wet weight of the tissue and 
thus somewhat lower than the yield from 
norma! liver tissue. Like the protein from 
the latter source, the tumor nucleoprotein 
was a light tan, nonhygroscopic powder. 
The analyses of this material were carried 
out as earlier described, and for compari- 
son the values for the protein from normal] 
rat liver are included in table 1 (7). 

The tumor nucleoprotein preparation 
contained fat, which was removed and 
analyzed as before (/). The comparable 
data are given in table 2. 

It is apparent from tables 1 and 2 that 
the corresponding nucleoprotein fractions 
from normal rat liver and from the trans- 
planted hepatic tumors are nearly identical 
in the proportion of certain amino acids. 
This finding must be contrasted with the 


Taste 1.—Analytical values for the nucleoprotein preparations ' 


Free —SH — | 
: Amide Total | in native indena- | *.3> | Methi- Tyro- |Trypto- 
Source N N P 3 protein as | = pro- | tine- | “nine | sine | phane 
cysteine | inas  |cysteine) 
cysteine | | 
Percent| Percent| Percent Percent Percent Percent| Percent, Percent) Percent 
Normal rat liver 15.6 0.9 0.82 1.19 0. .# 1.4 3.0 3.8 1.5 
Rat hepatic tumor No. 31 | 
transplants 15.5 9 .70 1.05 2 .2 1.4 | 2.9 3.6 | 1.5 


! Preparations previously treated with hot alcohol-acetone-ether and dried subsequently at room temperature in racuo, 
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Taste 2.—The proportion of fat in the nucleoprotein 
preparations 


| 
Nitro- | Phos- 


Total | P/N 
Source fat | n ratio ! 
Percent’ Percent: Percent 
Normal rat liver. 14.8 2.1 2.6 
Rat hepatic tumor No. 31 
transplants 15.0 8 2.0 2.5 


'The P/N ratio for phospholipids is 2.8. 


data derived from studies of the relative 
enzymatic activity of these two _ tissues 
whereby striking differences in certain 
enzyme systems were revealed (2, 3, 4). 

It would be wiser, however, not to carry 
this finding of the identity of composition 
of the two nucleoprotein fractions very far 
in the realm of speculation. First of all, 
this fraction, while obviously of import- 
ance, constitutes only about 5 percent of 
the total proteins in each type of tissue. 
Secondly, while the partial composition of 
these nucleoproteins may be similar, it is 
possible that other properties such as the 
relative state of aggregation or the steric 
configuration may be different. Thirdly, 
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it may be pointed out that the composition 
of the nucleoprotein fraction of the Jensen 
rat sarcoma (5) is very similar to that of the 
two comparable protein fractions under 
consideration, as well as to the same frac- 
tions from the livers of such widely different 
species as the cow and the rabbit (7). It is 
possible, therefore, that the same nucleo- 
protein fractions obtained by the present 
method from various animal tissues may 
have nearly similar compositions. This 
possibility is supported by the work of 
Bailey (6) who showed that the myosins of 
a number of unrelated species had substan- 
tially the same composition. Much more 
work is needed to settle this point. While 
the matter belongs obviously to the field of 
comparative biochemistry, it nevertheless 
illustrates how dependent interpretation in 
cancer research may be on the develop- 
ment of collateral fields.” 


2 As a result of the work to date on the comparative 
chemistry of the proteins Lugg has stated (7), “‘tt would 
seem in general that the proteins of animal tissues having 
similar functions will have similar physical properties and 
will be similar in composition.” 
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Note on the Transfer of the Strain C3H 
Milk Influence Through Successive 
Generations of Strain C Mice 


By Howarp B. ANDERVONT, principal biologist, National Cancer Institute, National Institute 
of Health, United States Public Health Service 


It was shown (7) that the foster nursing 
of low-tumor-strain mice by high-tumor- 
strain females produced a definite increase 
in the incidence of mammary tumors in 
the fostered mice. The most striking re- 
sults were obtained with breeding females 
of strain C which have an incidence of less 
than 2 percent of mammary tumors but 
which, when fostered by high-tumor-strain 
C3H females, exhibit a mammary-tumor 
incidence of 64 percent at an average age 
of 8.1 months. This finding showed that the 
mammary glands of strain C mice are 
highly susceptible to the cancer-inciting 
influence in the milk of strain C3H females. 
The question arose as to whether strain C 
mice which are fostered by strain C3H 
females can transfer the milk influence to 
their young. 

An investigation was begun during Jan- 
uary 1940 by transferring strain C mice, 
within 17 hours after birth, to strain C3H 
foster mothers. When the young were 
weaned, they were designated as the F gen- 
eration; and they represent the only strain 


C mice in this study which obtained any 
milk from or had any contact with strain 
C3H mice. 

Mice of the F generation were mated 
brother to sister to procure the F, genera- 
tion, and all subsequent generations were 
obtained brother-to-sister 
only. 

The results up to October 1, 1941, are 
presented in table 1. Each female of the 
fostered F generation bore 3 litters; 1 litter 
was raised, and 2 litters were killed within 
24 hours after birth. Of 20 mice in this 
generation, 14, or 70 percent, developed 
mammary tumors, and 4 were living and 
without tumors on that date. 

The F, generation females bore 1, 2, or 
3 litters. Of a total of 61 mice in this gen- 
eration, 50, or 80 percent, developed mam- 
mary tumors, and 9 were living and free 
from tumors. 

The F, generation females were divided 
into 3 groups; 1 was kept as virgins, 1 
group bore 1 litter, and 1 bore 2 litters. 
Of 26 virgins, none has developed a tumor 


breeding 


TABLE 1.—The occurrence of mammary-gland tumors in fostered strain C female mice and in two generations of their 
descendants 


Number | 


| Number | 
| Number dying living Aver 
| Number | developing | without AVYerage without ageo 
porn | Ofmice |mammary Gonce | age  ™am- | death mammary living 
| tumor mary | tumor, mice 
| tumor 1, 1941 
| | | 
| | Percent Months Months | | Months 
3 | 20 | 4, 9.3 2) 16.0 | 4 19.7 
1 | 4 | 3; 7% | 10.0) 1 | 14.5 
2 | 9 | 9 100 8.1 | 0 | | 
eee | 3 | 48 | 38 79.1 | 8.5 | 2 | 9.0 | 8 | 14.6 
0 | 26 | 0 1 | 4.0) 25 | 9.5 
| Ee eee 1 | 93 20 | 21.5 7.9 3 6.3 | 70 | 9.2 
LALA AR 2 40 | 26 65 7.6 2 | 8.5 | 12 9.9 
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at an average age of 9.5 months. Of 133 
breeding mice, 46, or 34.6 percent, de- 
veloped mammary carcinomas; and 82, or 
61.6 percent, were living and free from 
tumor on October 1, 1941. 

The primary purpose in reporting the 
findings up to the present time is to record 
the transfer of strain C3H milk influence 
through two generations of strain C mice. 
Bittner (2) published data indicating that 
if a small amount of milk is ingested by 
new-born mice of strain A it may produce 
tumors in them and in their descendants 
but that “the tumor incidence for the 


(7) Anpervont, H. B.: The influence of foster 
nursing upon the incidence of spontaneous 
mammary cancer in resistant and suscep- 
tible mice. J. Nat. Cancer Inst., 1: 147-153 
(1940). 


descendants of these cancerous fostered 
females decreased with each generation.” 
His findings indicate that the milk in- 
fluence decreases in activity in subsequent 
generations of susceptible mice and sug- 
gests that it is not capable of self-reproduc- 
tion. Bittner’s results were obtained with 
high-mammary-tumor strain A mice while 
the findings reported here were obtained 
with low-mammary-tumor strain C mice. 
Future generations of strain C animals 
should reveal whether the extrachromoso- 
mal influence also decreases in activity in 
a low-‘umor strain. 
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